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ABSTRACT
The work probes the behavior of associating polymers including their assembly in different
environments, using neutron scattering techniques coupled with molecular dynamics (MD)
simulations. Polymers interact with their surroundings through van der Waals forces and
through stronger association groups such as ionizable groups and p-p stacking, as well as
specific chemical binding, where assembly depends on the strength of the interactions of
the associating groups as well as the interactions of the polymers with their solvent
environment. The current effort centers on understanding the assembly of structured
polymers that consists of multiple blocks or components, each with their distinct
interactions with solvents. The main body of the work focuses on the assembly of a multifunctional ionic polymers of the form ABCBA in which the center block is a sulfonated
polystyrene (C) that enables transport tethered to, B, a polyethylene propylene (PEP) block,
terminated by A, a t-butyl polystyrene (t-BPS) block. These polymers find broad uses in
transport-controlled applications such as clean energy, separation membranes, and
biotechnology. The aggregation of this polymer is driven by segregation of the ionizable
block from the rest of the polymer as well as the interactions of each bock with solvents.
The first part introduces experimental studies of assembly of this polymer as the solvent
polarity is changed, followed by atomistic MD simulations insight into the assembly
process. A more general insight into the assembly process is obtained by coarse grained
MD studies. Finally, synthetic routes to obtain polymers with specific binding for sensing
applications is discussed.
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The structural SANS studies have shown that the polymer forms core-shell
aggregates with the ionic blocks in the core of the micelles in non-polar solvents such as
cyclohexane. These micelles become gradually elongated with the addition of propanol to
a propanol fraction of about 0.4. This change in shape of the micelles is driven by
increasing of core-corona interfacial energy while collapsing the non-polar segments.
Further increase in propanol results in reentrance to spherical micelles but with a smaller
number of polymer molecules and significantly higher portion of solvent in the core.
Solvent tuning of assembly to pentablock copolymer was further probed by fully
atomistic MD simulation in cyclohexane, THF and propanol, solvents with different
polarity. We find that the structure of the assemblies is driven by the different binding
affinities of the solvents with polar and non-polar segments as well as the ionic fraction.
Cyclohexane predominantly resides in the non-polar segments that are swollen, while the
ionic blocks remain segregated in the micellar core. In contrast to cyclohexane, propanol
and THF, which have an affinity towards both the ionic and non-ionic segments, swell the
ionic blocks. With increasing sulfonation, the ionic blocks form a more stable spherical
ionic core with cyclohexane associating around the core while THF and propanol penetrate
into the core.
To further understand the interactions of this structured block co polymer
interactions with solvents, a thin polymer film in contact with solvent films were prepared,
and the solvents were followed as they propagated across the interfaces, using MD
simulations. We observed that exposure of water to pentablock copolymer membrane
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decreases the interfacial width, exposing more ionizable groups whereas the interfacial
width for the film in contact propanol and THF increases and is dominated by hydrophobic
blocks. Water molecules associate predominantly with the ionic blocks while propanol and
THF reside in both the ionic and non-ionic segments.
In order to understand the effects of associating groups in a more general way,
coarse grained MD simulations of association were carried out. The polymer chains are
modeled by a bead-spring model and the associating groups are incorporated in the form
of associating beads with a stronger interaction strength between them than between the
non-associating beads. The structure and dynamics of linear and star polymer melts was
followed as a function of the interaction strength of the associating beads. The results show
that addition of even a small number of associating groups has dramatic effects on the
mobility and viscoelastic response of polymer melts. The associating group aggregate
forming a polymer network. With increasing interaction strength between the associating
beads, the mobility of the chains decreases. Blends of chains with and without associating
groups macroscopically phase separation even for relatively weak interaction between the
associating beads.
To the last part of the work was focused on understanding the effects of associating
groups in soft nanoparticles. For this purpose, we synthesized polyparaphenylene ethylene
(PPE) with biotin groups attached to the side chains with the ultimate goal of understanding
the effect of associating groups on structure and dynamics of biocompatible soft
nanoparticles. The last chapter describes the synthesis of biotin substituted PPEs, where
the effect of biotin groups on assembly of PPE will be carried out in the future.
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CHAPTER ONE
INTRODUCTION
The research work investigates the effects of solvent polarity on association of structured
ionic block copolymer in solutions using small angle neutron scattering (SANS) and
classical atomistic molecular dynamics (MD) simulations. Ion containing polymers have a
large number of current and potential applications such as drug delivery,1-3 clean energy46

and separation membranes.7-9 Ion transport capability of ionic polymers is the key which

opens the door for their use in those applications. Polymers in this class have a relatively
higher glass transition temperature Tg, therefore, polymer solutions are often used for
processing. These polymers aggregate at low concentrations and solution structure serves
as building blocks for membranes. However, under the conditions where transport property
is optimized, structure of the polymer become unstable. Therefore, these polymers are often
tethered to additional blocks to enhance the mechanical stability.

Diblock co-polymers in selective solvents, often self-assemble into aggregates.10-24 The
simplest polymer micelles are formed by van der Waals diblock co-polymers in solutions
with different structural morphologies, lamellae,10, 16 vesicles,15, 22 cylinders10, 18, 23 and
spheres,11-16 depending on the chemistry of the polymer as well as the nature of the solvent
and the temperature. Introducing an ionizable block into diblock co-polymers increases
the incompatibility of the different blocks, which drives aggregation in solutions.25-31
Because of the strong interactions between different groups, the ionizable groups often
associate faster than the other segments driving out of equilibrium aggregates. Increasing
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complexity by increasing the number of different blocks present in the polymer chain
dramatically expand the spectrum of the morphologies of aggregates observed in
solutions.32 The solvent polarity is the optimal tool to control the association of the ionic
groups. Therefore, understanding association of highly structured ionic block copolymers
in different solvent environment is critical.

Here, we will be using solvent polarity as a tool to tune the morphology of the aggregates
formed by highly structured ionic block co-polymer in solutions. We will probe the effects
of solvent polarity on a symmetric ABCBA type pentablock copolymer which contains
randomly sulfonated polystyrene (PSS) in the center, tethered to poly (ethylene/propylene)
block and terminated by poly (t-butyl styrene) using SANS and classical atomistic MD
simulations. SANS is an optimal tool to probe aggregation in polymer solutions. It takes
the advantage of isotopic labeling where the solution or polymer are deuterated.33,

34

Classical atomistic MD simulation will be used to probe the response of each segments in
atomic scale to changing of solvent polarity of the medium.

This dissertation is organized as follows; First, will address the background of polymer
solutions, ionic polymers, block co-polymers, ionic block co-polymers and structured ionic
block co-polymers in solutions. Following that our experimental tools, SANS and classical
MD simulations will be explained. Finally, results will be introduced including solvent
polarity effects on micellar structure in solution, solvent polarity effects of structure and
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dynamics of membrane, effects of associating groups on dynamics of linear and star
polymer melts and the synthesis of biotin substituted polpara phenylene ethylene.

Polymer solutions
Dissolution of polymer molecules is more challenging than small molecules. A polymer
dissolves in a solvent when solvation lowers the free energy. The free energy change of
mixing (∆𝐺&!' ) for mixtures is given in equation 1, where ∆𝐻&!' is the enthalpy change
of mixing and ∆𝑆&!' is entropy change of mixing and T is temperature,35, 36
∆𝐺&!' = ∆𝐻&!' − 𝑇∆𝑆&!'

(1.1)

For polymer-solvent systems, ∆Smix is not dominant, especially for lower concentrations.35
Therefore, miscibility of polymer-solvent system is governed by the changed in
interactions upon mixing (=∆Hmix). The possible interaction terms in polymer-solvent
systems are illustrated in Figure 1.

The energy change upon polymer-solvent mixing is given by the Flory-Huggins χ
parameter,35-38 which is given in equation 2. In this model polymer solvent systems are
defined as a particle on a lattice. Each lattice point is occupied by either monomer or
solvent molecule,

𝜒() = 1+

*
!"

-

2 3𝜖&$ − . (𝜀&& + 𝜀$$ )6
,

3

(1.2)

Here, z is the number of nearest neighbors per monomer unit, kB is the Boltzmann constant,
T is the temperature and 𝜖&$ , 𝜖&& , 𝜖$$ are the interaction energies between the monomersolvent, monomer-monomer and solvent-solvent. Positive χAB denotes that the monomer–
solvent contacts are less favored compared with the monomer–monomer and solvent–
solvent contacts. A negative χAB means that polymer–solvent contacts are preferred,
promoting solvation of the polymer.

monomer-solvent
interaction
ms)

monomer-monomer
interaction
mm)

solvent-solvent
interaction
ss)

Figure 1.1 Flory-Huggins lattice model which illustrates the possible interactions
present in polymer–solvent system. Blue: solvent molecules on lattice. Black:
monomers on lattice.
Depending on the strength of the monomer-solvent interactions, solvents are classified as
“good”, “theta” or “poor”. In a theta solvent, monomer-solvent interactions are balanced
which facilitate the ideal behavior of the chains. In a good solvent, monomer-solvent
interactions are stronger than the monomer-monomer interactions (𝜖&$ > 𝜖&& ) and in poor
solvents monomer-solvent interactions are weaker than the monomer-monomer
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interactions (𝜖&$ < 𝜖&& ). Polymer dimensions are governed by solvent quality. Radius of
gyration 𝑅/ ∝ 𝑁 0 , where N is the degree of polymerization35. The exponent 𝑣 =3/5 for
good solvent, 1/2 for theta solvent and 1/3 for poor solvent. A good solvent for a given
polymer could be a poor solvent for a different polymer. As an example, water is a good
solvent for the polyethylene glycol but is a poor solvent for the polystyrene39 The behavior
of polymer under good, poor and theta solvents is summarized in Figure 1.2.

Good Solvent

Poor Solvent

Theta Solvent

Maximum polymer-solvent contacts
Swollen chains
Negative

Blanced interactions
Ideal behaviour
Gaussian chains

Minimum polymer-solvent contacts
Collapsed chains-Clustering-Precipitation
Positive

Figure 1.2 Single polymer chain in good, theta and poor solvents. green: good solvent
molecules, orange: theta solvent molecules, blue: poor solvent molecules, black:
monomers in polymer chain
In a good solvent, polymer-solvent contacts are maximized, and the chains are extended
(swollen). In theta solvent all interactions are balanced, and chains are Gaussian. In poor
solvent, polymer-solvent contacts are minimum, hence the polymer chain collapses which
often results in clustering and precipitation.
1.2 Ionic polymers
Ionic polymers are macromolecules which have ionic or ionizable groups bounded to their
structure.40 They have current and potential applications in current energy related
applications where transport of ions, electrons and solvent is required while maintaining
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the chemical and mechanical stability. Ionic polymers which have only few ionic groups
(<15%), bonded to polymer backbone, are called ionomers.40-42 Those containing many
ionic groups are water-soluble and called polyelectrolytes.40-42 The morphology of
ionomers is governed by properties of the ionizable groups as well as the backbone
structure such as ionic fraction, type of ionic group, type of counter ion, solvation fraction,
which finally affects the transport properties.
Nafion® (DuPontTM),43-46 a copolymer of perfluoro-3, 6-dioxa-4-methyl-7octene-sulfonic
acid and tetrafluoroethylene, is one of the most extensively studied ionomer in last few
decades. The chemical structure of Nafion is given in figure 3.

CF2
CF2

CF

CF2

x

y
O
CF2
CF
F3C

O
CF2
CF2
HO

S

O

O

Figure 1.3 Chemical structure of Nafion®
With the exception of the sulfonic acid group, Nafion® is a fluorocarbon polymer which
is extremely resistant to chemical attack. Membrane and solution studies47-52 show sulfonic
acid group adds capability of Nafion® to act as acid catalyst,48,
membranes50,

51

49

ion exchange

and water absorption membranes.52 Sulfonated polystyrene (PSS) has

attracted attention in current energy applications due to its transport capability. Solution
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and membrane studies have shown PSS can also be used as ion exchange membrane in fuel
cells,53, 54 acid catalysts in synthesis55, 56 and in water softening.34, 57
The formation of ionic clusters in solutions and membranes controls the overall structure
and dynamics as well as the transport properties of the ionomers. Cluster formation in
ionomers is driven by the balance between the electrostatic interactions of the ionic groups
and the segregation of hydrophilic and hydrophobic domains.58-60 One of the first
theoretical approaches to explain the cluster formation was done by Eisernberg.34
According to his theory, the factors involved in cluster formation include the elastic forces
of the hydrophobic chains and the electrostatic interactions between the ionizable groups.
Ionizable groups form multiplets which finally ended up in clusters. The constraints
affecting this ionic collapse to yield an ionic multiplet are the dimensions of polymer chains
and the ion pairs, the tension on the chains resulting from ionic aggregation and the
electrostatic energy released upon multiplet formation. Finally, a cluster will form when
electrostatic interactions between ionizable groups are stronger than the elastic forces
between hydrophobic domains.
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Figure 1.4 Small Angle X-ray Scattering (SAXS) intensity as a function of scattering
vector for 3.85% sulfonated PS melt containing (◊) 0%, (O) 1%, (∆) 2.3% and ( ) 6.3%
(wt) methanol.64 The peak in scattering curve corresponds to ~40 Å in length scale
which corresponds to ionic cluster.
The cluster formation of PSS and their morphology have observed by many groups by
using X-rays and electron spin resonance (ESR) techiques61-66. Some experiments have
shown that, the solvent quality also significantly affects the morphology of ionic clusters.
Weiss and co-workers have observed the loading of methanol destroys the ionic domains
formed in PSS membranes.64
Agrawal and co-workers have recently captured effect of dielectric constant on cluster
morphology of PSS melts in their atomistic MD simulation studies.67, 68 They have studied
atactic polystyrene melt which has 80 PSS chains. Each chain was randomly sulfonated
and to 0% sulfonation. The length of each chains was N=80, where N is the degree of
polymerization. This system has followed with time under different dielectric constant (𝜖).
There results show at 𝜖 =1 ionic groups associate into string like large aggregates.
However, these large aggregates break into smaller domains with time with increasing
dielectric constant of the medium. Cluster morphology as a function of dielectric constant
is illustrated in Figure 1.5. These results reflect that the quality of the environment effects
the morphology of ionic domains.
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Even if ionomers have a better ion transport capability, under the conditions where ion
transportation is optimized, ionic polymers becomes unstable. For many applications the
ionic block is imbedded in nonionic segments for enhance the mechanical stability of the
ionic co-polymer.

Figure 1.5 Effects of dielectric constant on cluster morphology of PSS melts studied by classical
MD simulation. Image in the upper left corner shows a one ionic cluster and associated PS
chains. Red color beads represent the O, yellow represent the S atoms and gray represents the
Na+ ions. With increasing dielectric constant of the medium big ionic clusters break into smaller
domains 67.

Block co-polymers
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To understand the effects of polymer architectures coupled with charges, it is important to
understand the assembly of neutral block co-polymers. Block co-polymers are hybrid
macromolecules constructed by linking chemically distinct homo polymer blocks.69 The
precise synthesis of these self-assembling macro molecules gives extraordinary control
over their morphology in solutions and melts. Tailoring different homo-polymer blocks to
make a single block co-polymer molecule results extremely diverse topology. Some of the
possible molecular architectures of dilblock and triblock copolymers are illustrated in
Figure 1.632.

Figure 1.6 Schematic illustration of different architectures of diblock and triblocks by
varying the number of blocks. Different color corresponds to different homo polymer
segments. Black “dots” and “starts” corresponds to the different functional groups
which are used to combined different segments.32

Association of linear AB type diblock co-polymers have been extensively studied in
solutions10-24. AB type diblock copolymer segregate into lamellae, double- gyroid,
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cylinders, and spheres in solutions depending on the relative fraction of the A and B blocks.
Some of the neutral diblock morphologies formed by polystyrene-polyisoprene (PS-PI) in
solutions are shown in Figure 1.7.15

A

B

C

Figure 1.7 cryo-Transmission electron microscopy (cryo-TEM) images of different
morphologies A) sphere B) cylinder C) vesicles formed by PS-PI diblock polymer in
dialkyl phthalates solutions15.

Extension of linear block co-polymers to ABA or ABAB, etc. affect only the physical
properties of the polymer but not their phase behavior.32, 70 However, addition of a third C
block can dramatically expand the spectrum of the nano structures observed in solutions
for ABC type triblock co-polymer.70 Other than the sequence of the different blocks,
different molecular variables such as polymer topology, number of blocks, number of block
types, degree of polymerization and interaction parameter (𝜒)govern the phase behavior of
multiblock co-polymers in solutions.70
Ionic block co-polymers
Ionic block co-polymers are type of block co-polymers which has an ioniziable group
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attached to the chain. Addition of ionizable block converts block co-polymer to
amphiphilic molecules. This results the dramatic change of chemical, structural and
mechanical properties. The biggest advantage of tailoring ionic block to non-polar block is
getting the capability to optimize transport property of the ionic block while maintain the
structural stability of the polymer. Sulfonated polystyrene-b-polyisooprene (PSS-b-PI),25
polystyrene-b-methyl methacrylate (PS-b-PMMA),26 polystyrene-b-poly(acrylic acid)
(PS-b-PAA),27 are few examples for well-studied ionic block co-polymers. The structure
of polystyrene based diblock co-polymer is shown in figure 1.8.

Figure 1.8 Chemical structure of di-block poly(styrene-b-methylbuthylene).

Introducing an ionizable block into block co-polymer increases the incompatibility of the
different blocks, which causes to form thermodynamically stable micellar structures in
solutions25-27, 29-31. Morphology of these micellar structures are governed by the degree of
polymerization, volume fraction of each block and the 𝜒. As an example, Eisenberg and
co-workers have observed spherical, rod, bicontinous rod, lamellae, vesicles shape micelles
for PS-b-PAA diblock copolymer in dimethylforamide (DMF)31. Some of these
morphologies are illustrated in Figure 1.9.
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Figure 1.9 Transmission electron microscopy (TEM) images of different micellar
morphologies formed by PS-b-PAA block copolymer in DMF for different volume
fractions of PS and PAA71.
1.5 Structured ionic block co-polymers
As discussed in previous section, phase behavior of ionic block co-polymers in solutions
becomes more complicated with increasing the complexity of the polymer structure.
However, increasing the number of block types allows one to tailor the different chemical
identity to the polymer. This makes ionic block co-polymer highly structured. In the current
research we are focusing on structured ABCBA type symmetric ionic pentablock copolymer. This well-structured ionic block copolymer consists of randomly sulfonated PS
block at center and polyethylene-polypropylene (PEP) block attaching to both side of the
PSS block and tertiary butyl polystyrene (t-BPS) block at the end. The exact chemical
composition is given is Figure 1.10.

Na+
-O

x

y
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O-

z

y
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Figure 1.10 Chemical structure of pentablock (poly(t-butyl-styrene)-b-ethylene-rpropylene-b-styrene-r-styrenesulfonate-b-ethylene-r-propylene-b-poly(t-butyl-styrene)
molecule. Volume fractions of t-BPS: 20%, PEP:40% and PSS:40%. Polymer
synthesized by Kraton polymer LLSC.

The different blocks in this complex block co-polymer have different chemical identity,
thus they can perform different tasks. The center PSS blocks governs the transport
properties of the polymer. It can attract counter ions such as H+, Na+ or K+. Transportability
can be optimized by changing the sulfonation level. The tethered PEP block modifies the
elasticity which gives a flexibility to the polymer. The end t-BPS block is a chemically
inert bulky group which gives a mechanical stability to the polymer.
Different research groups are working to understand the behavior of pentablock copolymer
in solutions and in films experimentally72-79 as well as computaionally.80-84 Geise et al.
have observed that water uptake, water permeability and salt permeability of the membrane
increases with increasing the sulfonation level.72-74 Winey and coworkers have observed
formation of spherical micelle by X-ray scattering experiments in a nonploar mixed solvent
(cyclohexane:heptane (1:1)) at higher polymer concentrations >10wt%.76 Etempawala et
al. have studied the association of pentablock in a cyclohexane:heptane (1:1) mixture in
lower concentrations (<6wt%) by neurons scattering experiments.85 They have concluded
that polymer assembles into micellar structures where ionic block form an inner ellipsoidal
core and end block and PEP blocks retain in the corona.
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Aryal and coworkers have studied to aggregation of polymer in a 1:1 cyhclohexane:heptane
mixture and in water by atomistic MD simulations.80, 81 Their study shows that in a nonpolar solvent, the t-BPS and PI blocks stay at interface to form outer corona while PSS
block collapsed to form an inner dense core. However, in water where dielectric constant
is higher, the PSS block migrates to the water polymer interface. Their aggregation study
results are illustrated in Figure 1.11.
A

B

Figure 1.11 Aggregates (30 chains, molecular weight of each chains ~50000 g/mol) of
polymer shown in Figure 10, studied by atomistic MD simulations in A)
cyclohexane:heptane (1:1) and B) in water. Green represents the PI blocks, orange
represents the t-BPS blocks and blue represents the ionic PSS blocks.73 The solvent is
not shown for clarity.
The above studies reflect the fact that this pentablock co-polymer forms aggregates in both
polar and non-polar solvents. However, the solution behavior of this complex molecule is
not well understood. The effects of solvent quality on aggregation, response of different
blocks to different solvent environments, possible morphological changes of the aggregates
as a response to different solvent stimuli, are questions that remain to be addressed.
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Outline and Contribution
This dissertation includes several approaches to understand the fundamentals of structure
and dynamics of highly structured ionic block co-polymer in solutions and. membrane.
This also address the effects of associating groups on structure and dynamics of linear and
star polymer melts. Finally, the dissertation also includes the synthesis of bio compatible
luminous polymer and their characterization. The dissertation is organized as follows..
Chapter 2 will review the principals of experimental and computational techniques. Our
investigation required to probe the solution and membrane structure of polymers in
multiple length scale, which includes atomistic to nanoscale. We used the small angle
neutron scattering (SANS) as our tool to investigate solution structure of polymer and we
used the atomistic molecular dynamics simulation (MD) to probe the structure of polymer
in solution and membrane in atomistic scale.
Chapter 3 discusses discuss the effects of solvent polarity on aggregation of ionic block
copolymer in solution for 26% and 52% sulfonation levels. We changed the solvent
polarity by addition of propanol to cyclohexane and observed a phase transition of polymer
upon addition of propanol to cyclohexane.
Chapter 4 discusses effects of solvent polarity on assembly of pentablock ionic co-polymer
by MD simulations. We observed that pentablock aggregate into micelle structure at very
low concentrations in both polar and non-polar medium. We further observed that polar
and non-polar blocks response to solvent polarity of the medium due selective binding of
solvents to the different blocks.
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Chapter 5 probe a symmetric block co-polymer with a sulfonated polystyrene center
tethered to polyethylene-r-propylene and terminated by poly(t-butyl styrene) at the
interface with water, propanol and THF using molecular dynamics simulations. We find
that the interfacial width at the water interface decreases, exposing more ionizable groups
whereas the interfacial width for the propanol and THF systems increases and is dominated
by hydrophobic blocks. Water molecules associate predominantly with the ionic blocks
while propanol and THF reside in both the ionic and non-ionic segments.
Chapter 6 explore the effect of associating groups on structure and dynamics of linear and
star polymer melts using molecular dynamics simulations. We found with increasing
associating strength, the polymers associate into clusters of increasing size, independent of
the polymer topography. Blends of chains with and without associating groups globally
phase segregate even for relatively weak interaction between the associating groups.
Chapter 7 discusses synthesis of biotin substituted PPE and their characterization. We
synthesized biotin substituted PPE with 50% of monomers having the biotin groups. We
observed that biotin substituted PPE has lower CMC than the PPE with no biotin groups.
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CHAPTER TWO
METHODOLOGY
Small angle neutron scattering (SANS)
Scattering is a result of the interactions occurs between waves and the objects which have
same dimension of wavelength. It depends on the type of the interaction occurs between
waves and objects. In X-ray scattering, incident waves interact with the electrons while
neutrons interact with the nucleus. Possible interactions between different electromagnetic
radiations and different types of particles are illustrated in Figure 2.1.1

Figure 2.1 Schematic illustration of scattering occurs between different electromagnetic
radiations and the matter.1
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Scattering changes direction of the incident beam while energy may or may not be affected.
In an elastic scattering where no energy exchange is occurred, magnitude of the incident
wave vector (ki) is equal to the magnitude of scattered wave vector (kf). However, changing
the direction of the incident wave vector results a momentum change and it is called
momentum transfer vector (q). ki, kf and q is illustrated in Figure 2.2.2-5

kf

q
2

ki

Figure 2.2 Vector diagram of elastic scattering which illustrates the relationship
between incident and scattered wave vector (ki, kf), scattering angle (q) and momentum
transfer vector (q).

For elastic scattering, where no energy change occurs, absolute value of the wave vector is
given in equation 2.1. Here, 𝜆 is the wavelength.
|𝑘! | = ?𝑘1 ? = 2𝜋A𝜆

(2.1)

𝑞 = 𝑘! − 𝑘1

(2.2)
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𝑞=

23∗$!56

(2.3)

7

The momentum transfer vector, which given in equation 2.2, is the difference between
incident and final wave vector. The dependency of q on scattering angle (𝜃) and the
corresponding wavelength (𝜆) is given in equation 2.3.

Scattered neutrons should follow the Bragg’s equation, which is given in equation 2.4, to
occur a constructive interference. Here d is the spacing between the two scattering points2,
3

.

2𝑑 ∗ 𝑠𝑖𝑛𝜃 = 𝑛𝜆

(2.4)

By equation 2.3 and 2.4, relationship between the q and the length scale (d) of the object
can be written as in equation 2.5.

𝑞 =

!"#
$

(2.5)

In Equation 2.5, d is the distance between two scattering planes and n is a positive integer.
It shows that q is inversely proportional to the d. This suggests that in a scattering
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experiment large dimensions are captured at lower q while small dimensions are captured
at higher q.

The physical quantity which is measured in scattering experiment is the scattering intensity
(I). it is often recorded as a function of q or function of 2𝜃. The fraction of neutrons
scattered into solid angle (dΩ) (Figure 2.3) with a scattering angle θ is known as the
microscopic scattering cross-section (d𝜎)2, 3.
.

kf

r
dΩ

ki
Figure 2.3 Schematic for the defining of solid angle

The differential cross-section, which gives the macroscopic scattering cross section is equal
to the measured absolute intensity (I(q)), is given in equation 2.6,1, 2, 4-6

89
8:

(𝑞) = 𝐼(𝑞) =

-

!=#$
?∑;
?
"<- 𝑏! 𝑒
;
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.

(2.6)

Here, r is the position of nuclei, b is the scattering length of nuclei i, and N is the total
number of atoms. Above equation can be rewrite as equation 2.7, by integrating over the
volume of the sample. Here, 𝜌(𝑟) is called local scattering length density.

89
8:

(𝑞) = 𝐼(𝑞) =

;

.

?∫ 𝑑𝑟𝜌(𝑟) 𝑒 !=# ?

(2.7)

Scattering length (bi) is a characteristic of the nucleus which measures strength of the
interactions between nucleus and the electromagnetic radiations. The scattering length
density (𝑏) which is the normalized sum of scattering length of all the elements in the
scattering object is as given in equation 2.8.2
𝑏=

>;%
?&

∑!# 𝑏!

(2.8)

In this equation, 𝜌 is the density of scattering object, NA is the Avogadro’s number, Mw
is the molecular weight of the scattering objects and bi is the scattering length of each
element in the scattering object.

SANS experiments measure the absolute intensity as a function of q. The factors affect
the total absolute intensity is given in equation 2.9.2, 3

;

𝐼(𝑞) = 3 @ 6 ∗ 𝑉A. ∗ 𝛥𝜌 ∗ 𝑃(𝑞) ∗ 𝑆(𝑞)
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(2.9)

Here, N/V is the number density, Vp is particle volume, Δρ is contrast factor, P(q) is form
factor of the object and S(q) is the structure factor.
Contrast factor: The contrast factor for a two-component system is defined in equation
2.10 which is the scattering length density difference of the two objects. In SANS
experiments, isotopic labeling of one object will results a higher contras factor which gives
a better special resolution.
𝛥𝜌. = (𝜌( − 𝜌) ).

(2.10)

Form factor: The scattering experiments are performed in Fourier space not in real space.
Therefore, like in microscopic technique, scattering pattern does not give the information
of the scattered object directly. In order to get the information in the real space, we have to
do the inverse furrier transform or a fitting of data to a model. Model fitting is more popular
in the scattering community. The reciprocal spaces of most of real space shapes are
mathematically modeled and available with different open source programs to use in. Some
of the well-established form factors are summarized in following table 2.1 2, 3, 7-9.
With increasing the complexity of the shape of the aggregate, more variables are needed to
describe the complete form factor. As an example, form factor for a core-shell structure
which has homogeneous spherical center (core) and Gaussian decaying corona (brush) is
given in equation 2.11. This form factor is first derived by Pederson10, 11 and being using
to model the micelles.
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Form factor geometry
Spherical3

Form factor

𝑃(𝑞) =

[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)
𝑞𝑅B

R=Radios of sphere
Cylindrical3

𝑃(𝑞) =

𝑠𝑐𝑎𝑙𝑒 3/. .
[ 𝑓 (𝑞, 𝛼)𝑠𝑖𝑛𝛼𝑑𝛼
𝑉%CD F

𝑓(𝑞, 𝛼) = 2(𝜌%CD − 𝜌$FD0 )𝑉%CD 𝑗# (𝑞𝐻𝑐𝑜𝑠𝛼)

𝐽- (𝑞𝑟𝑠𝑖𝑛𝛼)
(𝑞𝑟𝑠𝑖𝑛𝛼)

H=Length of the cylinder
r = Radios of the cylinder
𝛼 = Orientation of the cylinder
J1 = first order Bessel function

Lamella9

𝑃(𝑞) =

2∆𝜌.
' '/'
31 − cos (𝑞𝛿)𝑒 G= 9 6
𝜌.

𝛿 = Bilayer thickness
𝜎 = Polydispersity
𝜎
Gaussian chain8

2c(1 + 𝑈𝑥)G-/H + 𝑥 − 1f
𝑃(𝑞) = 𝑠𝑐𝑎𝑙𝑒
+ 𝑏𝑘𝑔
(1 + 𝑈)𝑥 .
U = Polydispersity

Table 2.1 Different form factors used in SANS data

35

Four different interaction terms are encapsulated in this complex form factor. Two of them
are self-correlation terms, 𝑃%FIJ and 𝑃KIL$M , for core and corona and other two, 𝑆KIL$MG%FIJ
, 𝑆KIL$MGKIL$M , are cross terms between core-corona and the corona-corona.

.
.
.
𝑃&!%JDD = 𝑁N//
𝛽%FIJ
𝑃%FIJ (𝑞) + 𝑁N// 𝛽KIL$M
𝑃KIL$M (𝑞) +
.
.
2𝑁N//
𝛽%FIJ 𝛽KIL$M 𝑆KIL$MG%FIJ (𝑞) + 𝑁N// (𝑁N// − 1)𝛽KIL$M
𝑆KIL$MGKIL$M (𝑞)

(2.11)

𝑃%FIJ describe the interactions of chains in the homogeneous core in the center and
decaying core segments density at core-corona interface. 𝑃KIL$M describe Gaussian chains
in corona and it follows the Debye function. 𝑆KIL$MG%FIJ address the roughness of the
interface between core and corona and 𝑆KIL$MGKIL$M consists of the interaction between
chains in the corona. Here, 𝛽%FIJ and 𝛽KIL$M are the total excess scattering length densities
of the core and the corona. 𝑃%FIJ ,

𝑃KIL$M , 𝑆KIL$MG%FIJ , 𝑆KIL$MGKIL$M terms are

mathematically defined in separate set of functions where aggregate dimensions are
accounted. The schematic representation of this form factor is shown in Figure 2.4.

Core
Corona
Figure 2.4 Schematic representation of core-shell model which has spherical core and
Gaussian decaying corona.
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Structure factor: Structure factor represent the effect of inter particle scattering on the
absolute intensity. As form factor this is also mathematically formulated for different object
and available to use. However, for the very dilute solutions, the effect of structure factor is
not intense enough to visible in scattering profiles.
Molecular dynamics simulations
Even though experimental techniques like SAXS or SANS are capable of giving details
about microphase structure and the dynamic of a given system, they are not capable enough
to give atomic level information that govern the macroscopic properties. To study the
behavior of a system in atomic scale, classical molecular dynamics simulations would be
a grate tool.
In classical molecular dynamics simulations Newton’s second law of motions is solved
numerically for set of particles to generate the trajectory, velocity and the positions.
Newton’s law of motions is given in equation 2.1212.

𝐹! = 𝑚! 𝑎!

(2.12)

Where Fi is the force acting on the desired particle i, mi is the mass of the particle i an ai is
the acceleration of the particle i. Force (Fi) is the first time derivate of v where v is the
potential energy.
𝐹! =

OH)

(2.13)

OP

With knowing the acceleration of the particles velocity (v) and the new positions (r) of the
particles can be calculated after a given period of time ∆t. Velocity-Verlet13, 14 algorithms
will be used to generate the new positions and velocities.
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-

𝑟(𝑡 + ∆𝑡) = 𝑟(𝑡) + 𝑣(𝑡)∆𝑡 + . 𝑎(𝑡)∆𝑡 .

(2.14)

-

𝑣(𝑡 + ∆𝑡) = 𝑣(𝑡) + ∆𝑡[𝑎(𝑡) + 𝑎(𝑡 + ∆𝑡)]

(2.15)

.

A flow chart of classical MD simulation is illustrated in Figure 2.5. First, system is built
by assigning correct bond, angles, position and velocities. Second, force on each atom is
calculated. Third, equation of motion is solved for a given ∆𝑡 time step by an integrator to
generate the new positions and velocities. This second and third steps are loop in MD
algorithm and carried out until system become equilibrated.

Positions (ri)
Velocities (vi)

𝛻𝑟 = 𝑣𝑖 ∗ 𝑑𝑡
∆𝑣 = [ 𝑎 ∗ 𝑑𝑡
Potential (U)

Acceleration (a)

𝐹! =
𝐹! = 𝑚! 𝑎!

𝜕𝑈!
𝜕𝑡

Force (F)

Figure 2.5 Flow chart of classical MD simulations. mi is the mass of the object

Force fields
Set of mathematical equations and associated constants, which is known as force field, is
essential in molecular dynamics simulations in order to reproduce the molecular geometry
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and selected properties of tested structures. In current research optimized potential for
liquid simulation–all atom (OPLS-AA) force field, developed by Jorgensen14,

15

and

coworkers, will be used. Different potential terms in OPLS-AA force field is given in
equations4.

𝑈QRST = 𝑈KF58J8 + 𝑈5F5KF58J8

(2.16)

𝑈5F5GKF58J8 = 𝑈SJ55NI8G"F5J$ (S") + 𝑈XFLDF&K!%

(2.17)

9

-.

𝑈5F5GKF58J8 = 𝑈S" = 𝑈%FLDF&K!% = 4𝜀!" pq I )$r
)$

9

Y

− q I )$r p +
)$

=) =$
23Z* I)$

r

(2.18)

In equation 2.18, 𝑟!" is the distance between atoms i and j, 𝜀!" is the Lennard-jones energy,
𝜎!" is the distance where inter particle potential is zero for atom i an j, q is partial charges
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Figure 2.6 illustration of Lennard-jones potential. 𝜎!" is the distance where inter particle
potential is zero for atom i an j, q is partial charges for atoms i and 𝜀# is the permeability
of free space. rm is the equilibrium distance and rc is the cut off radius.
for atoms i and 𝜀# is the permeability of free space. 𝑟, 𝜖 and 𝜎 are illustrated in Figure 2.6
Figure 2.6 illustrate the interaction potential between two objects as a function of distance
(r). at infinite r, there are no forces between the objects. When two objects come closer
attractive forces starts to form which minimizes the potential energy. The distance, where
potential energy is minimum, called equilibrium distance (rm). When r becomes smaller
than rm, repulsive forces generated between the particles. Calculating calculation of force
between atoms which are far a part is a challenge. Therefore, non-bonded potential is
truncated at rc which is called cut off radius. For current study, cut-off radius was set to 12
Å for all the LJ interactions. All electrostatic interactions are calculated between atoms in
12 Å radii. Geometric mixing rules are used for atoms of different species: 𝜀𝑖𝑗 = (𝜀𝑖𝜀𝑗)1/2
and 𝜎𝑖𝑗 = (𝜎𝑖𝜎𝑗)1/2. Interactions between atoms outside to 12 Å radii are calculated in
reciprocal space by using particle-particle-particle-mesh (PPPM)16 algorithm in LargeScale Atomic/Molecular Massively Parallel simulator (LAMMPS)17 software.
The bonded interactions are in different types. Bonding potential, angle potential and
dihedral potentials are three of the bonding interactions terms used in force fields. These
interaction terms are illustrated in Figure 2.7.
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Bond

Dihedral

Angle

l

j
j

i

k

k
i

Figure 2.7 Different types of bonding interaction

These interactions are mathematically defined in following equations.
𝑈KF58J8 = 𝑈KF58 + 𝑈N5/DJ + 𝑈PFI$!F5

(2.19)

𝑈KF58 s𝑟!" t = 𝑘I (𝑟!" − 𝑟# ).

(2.20)

𝑈N5/DJ s𝜃!"+ t = 𝑘6 (𝜃!"+ − 𝜃# ).

(2.21)

𝑈PFI$!F5 s𝜙!"+D t = ∑5<D
5<!

++
.

[1 − (1 − 1)5 cos(𝑛𝜙)]

(2.22)

In above equations 16-18, 𝑟!" is the equilibrium bond length between atoms i and j, 𝜃!"+ is
the equilibrium bond angle between atom i, j and k, 𝜙!"+D is the dihedral angle between
atoms i, j, k and l, 𝑘I is the force constant of the bond spring and 𝑘6 is the force constant
of the angle spring.
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CHAPTER THREE
SOLVENT TUNING OF STRUCTURED IONIC BLOCK CO POLYMERS: SANS
INSIGHT
ABSTRACT
Tuning the association of ionizable co-polymers in solution is fundamental to their
integration in numerous current and potential applications, as the assemblies propagate
through processing and determine the structure and therefore the function of membranes.
The current study probes the effects of solvents on assemblies of an ABCBA co-polymer
with polystyrene sulfonate as the center block, tethered symmetrically to polyethylene
propylene and terminated by poly(t-butyl styrene), as the solvent is tuned through addition
of a polar solvent, propanol, to cyclohexane using small angle neutron scattering. Similar
to van der Waals block co-polymers in selective solvents, core- shell aggregates are formed
with the ionic blocks in the core of the micelles in both cyclohexane and propanol. In
contrast however, the highly incompatible nature of the blocks and the multiple sites
available for the solvents drive transformations from spherical to elongated micelles and
to a transitional region were large swarms dominate with increasing propanol fractions. At
high propanol fractions, spherical micelles with a smaller number of polymer molecules
and significantly higher portion of solvent in the core are found
INTRODUCTION
Solvent tuning and adaptation underline processing of multifunctional ionizable block copolymers. These polymers exhibit an immense potential as components of light-weight
clean energy generation and storage devices,1,
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2

water purification,3-5 sensors,6,

7

and

actuators.8, 9 They are predominantly solvent cast because of their high glass transition
temperature that stem from ionic clustering.10,

11

The ionizable groups form physical

crosslinks, facilitate transport, and often respond to triggers such as electric fields. The
distribution, morphology and dynamics of these ionic groups control the polymer ability to
function.12, 13 Tuning the shape, size and distribution of ionic clusters through solvent
interactions opens the way for tailoring polymeric materials with new functionalities.
While solvent effects on van der Waals block co-polymers have been long realized,14, 15
introducing an ionizable segments drives the polymers into the high segregation regime,
where the assembly of the polymers are strongly affected by long range electrostatic
interactions. 16, 17 Increasing the number of blocks and varying their degree of segregation,
results in assemblies whose overall symmetries are similar to those of van der Waals copolymers, however their internal structure often reflects their complexity And expand their
range of applications.18 Here we probe solvent adaptation of ionic block co-polymers that
consist of multiple blocks through systematic tuning of the solvent, providing a
fundamental insight into controlling soft polymeric assemblies.19-21 Understanding and
controlling structured ionic co-polymers presents a path forward in understanding the
fundamental interactions that control these complex systems and impact their
applications.1, 2, 4-8, 18
Using small angle neutron scattering (SANS) we probe solvent adaptation of assemblies of
a pentablock co-polymer, whose center block consists of polystyrene sulfonate (PSS),
tethered symmetrically to a poly-ethylene-propylene block (PEP) and terminated by poly
(t-butyl styrene) (t-BPS). This polymer consists of three blocks whose interactions with
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solvents is distinctive providing an excellent model system for investigating solvent
adaptation. This co-polymer was designed with the rational of tethering a transport
enabling block to additional polymers that will provide mechanical stability and tactility.22
With advances in polymer synthesis, the pentablock topology have gained recent interest,
particularly since it offers a means to tailor blocks with multiple functions together to drive
specific applications.23-28 Here the ionic block, PSS has been well studied29 as a
homopolymer and in diblock copolymers providing insight into its solvent response.30 The
nature of the solvent is altered by addition of propanol, a polar solvent, to cyclohexane.
These two solvents are fully miscible though presenting different environments for the
polymer blocks. Using the inherent contrast for neutrons between the blocks, SANS studies
were able to resolve the evolution of the structure as the polar solvent is added to a nonpolar one. We find that the overall shape of the aggregate changes, however the ionic block
remains segregated and are caged by the hydrophobic segments. In contrast to assemblies
of van der Waals polymers, solvents occupy multiple sites, where solvent polarity affects
its distribution between these locations.
Extensive studies of membranes made from this pentablock have probed the correlations
of its unique chemical structure with membrane structure and transport characteristics.2527, 31, 32

In contrast to van der Waals block co-polymers with similar molecular weights,

this polymer does not exhibit long-range correlations,27 however transport pathways with
defined selectivity were identified. These studies have also demonstrated the immense
effects counterions have on transport. With the realization that solvents alter transport
pathways,25, 26 several groups have studied the effects of different solvent environments on
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the structure of membranes and transport.24, 31, 33 The assembly of these polymers in
hydrophobic solutions has been driven by segregation of the ionic block to the center of a
core-shell micelle. Winey and coworkers28 were first to observe formation of core-shell
spherical micelles in concentrated solutions (10wt%) 1:1 cyclohexane:heptane, using small
angle x-ray scattering (SAXS) and scanning tunneling microscopic. This solvent is used
industrially to cast this polymer. Further insight into the assemblies of this pentablock
was obtained by Etempawala et al.34 using small angle neutron scattering (SANS). They
showed that even at low concentrations, below 0.1 Wt% the ionic blocks segregate and
form unimolecular micelles. With increasing concentration, core-shell assemblies with
elliptical cores that consist predominantly of the PSS, are formed. However, the core also
entraps segments of the PEP blocks and some of the solvent. The core is surrounded by a
swollen corona that consists of both the PEP and the t-BPS blocks. Molecular insight was
attained by Aryal et al. using atomistic molecular dynamics (MD) simulation.35, 36 They
revealed that in contrast to well defined polymeric micelles the core of the PB assembly
consists of a

nano-network the ionic blocks intertwined with the PEP block.

In

hydrophobic solvents such as cyclohexane heptane, the corona consists of a hydrophobic
Gaussian-like shell. In water, however, the ionic corona remains almost unchanged, but the
hydrophobic segments retract into the network, exposing the PSS to the surface.
These studies demonstrated that this pentablock forms a solvent responsive micelle that is
driven by formation of ionic clusters and distinct solvation characteristics for all blocks.
Studies by Mineart et. al. probed the effects of polar solvent, iso-propanol on the structure
of the pentablock in toluene. Approximating the core of the micelle to a hard sphere, they
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found a preferential segregation of the polar solvent to the core.37 The current study is set
to resolve the mechanism of solvent response of the ABCBA co=polymer, through tuning
the nature of the solvent. This requires accounting of a delicate balance of interactions
between the blocks and each of the blocks with solvents and the kinetics of the assembly,
a process that leads to interpenetrating blocks, forming structures beyond hard-sphere
micelles. To follow the response, micelles of the pentablock were studied in a 1Wt% of the
polymer with two sulfonation fractions f = 0.26 and f = 0.52, focusing on the polymer in
cyclohexane/propanol solutions. All three blocks exhibit distinctive affinity to both
solvents where the polymer concentration chosen is in the micellar regime at room
temperature. The results provide the foundation to controlling assemblies of highly
incompatible block-copolymers that consist of ionizable blocks transcending fundamental
knowledge and processing condition of structured ionic polymers.
EXPERIMENTAL
Materials
The block co-polymer obtained from Kraton Polymers™ was synthesized by anionic
polymerization with a weight distribution of 15-10-28-10-15 kg/mol of the five blocks. The
middle PS block was is randomly sulfonated with sulfonation fractions f = 0.26 and 0.52
of the available sites. The polymer was dissolved in different ratios of D12-cyclohexane
and D7-1-Propanol (fpro= 0.10, 0.15, 0.20, 0.30, 0.35, 0.40, 0.70, 0.80, 0.90 and 1.00) to get
1% (w/w) polymer solutions. All the deuterated solvents were obtained from Cambridge
Isotope Laboratories, Inc., USA and were used as received.
SANS EXPERIMENT
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SANS measurements were carried out at room temperature on the General-Purpose Small
Angle Neutron Scattering (GP-SANS) at High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory.38 The data were collected at two different detector configurations: 2
m and 18.5 m to capture a broad momentum transfer vector (q = 0.005 - 0.6 Å-1 ), q =
4πsin(θ)/λ, where 2θ is the scattering angle and λ is the wave length of the monochromatic
neutron beam and λ = 4.65 Å. Scattering patterns were recorded for the copolymer
solutions, empty cell, and all solvent combinations of d12-cyclohexane and d7-propanol.
The scattering of solvents and empty cell was subtracted from the data. Data were
normalized to a calibrated, standard porosil-B38 and corrected for their transmission to
obtain absolute intensity. Data were recorded on 2-dimensional detectors and integrated
into one dimensional scattering patterns using the standard data reduction procedures in
Mantid23, 38 and SPICE23, 38 software packages available at GP-SANS instrument.
SANS Data Analysis
Initial estimates of the scattering length densities (SLD) of core and corona were calculated
by the chemical formula and the bulk densities of different blocks. SLD of the different
mixtures of d12-cyclohexane and d7-1-propanol were calculated by SLD mixing rules and
the volume fractions. The SLD of t-BPS, PEP, PSS, pure cyclohexane and propanol are
given in Table 3.1.
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Component

Neutron SLD × 10−6 (Å−2)

t-BPS

0.71

PEP

-0.3

PSS

1.69

D7-Propanol

5.48

D12-cyclohexane

6.72

Table 3.1: Neutron SLD values for pure compounds
The average dimensions of the scattering objects were initially estimated by calculating the
radius of gyration Rg from the Guinier approximation for spherical particles,39-42
-

𝐼(𝑞) = 𝑆𝐿𝐷 . 𝑉 . exp 1− B 𝑞. 𝑅/. 2

(3.1)

where I(q) is the measured intensity, V is the volume of the particle, q is the momentum
transfer vector. The Guinier approximation is valid for dilute and homogeneous solutions,
where particles in the system scatter independently and are randomly orientated.
The initial analysis determined the slope of the scattering profile at intermediate q range.
In this region, the scattering intensity I(q) scales with q as I(q) ~ q-a where a is a scaling
exponent39-42 that point to the overall shape of the aggregate in this q region. A full analysis
in terms of core Gaussian shell models of different symmetries was used. These form
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factors for core-shell assemblies were used because they account for the interface between
the core and the corona was developed by Paterson43, 44 and have been successfully used
to capture core shell assemblies of polymers in selective solvents. The model allows for
mixing the core and corona capturing interfacial stabilities that often drive phase transitions
in micellar systems. The fitting routines are given in numerous SANS analysis packages.
These packages available at NIST.45 Here SASfit46 version 0.93.5 were used. Best fits were
obtained by minimizing 𝜒 . . The average χ2 for our fits were 1.4 where 𝜒 . = 1 is an excellent
fit.
RESUTS AND DISCUSSION
SANS patterns of 1 Wt% pentablock with f = 0.26 and 0.52 in cyclohexane:propanol
solutions with propanol fractions fpro from 0.1 to 1.0 are presented in Figure 1 over extended
q range capturing the aggregates as well as their internal structure. I(q) as a function of q
is presented in a and c and the corresponding Kratky representation q2I(q) is plotted versus
q are shown in b and d. The Kratky representation distinguishes changes that take place on
the length scale of the core dimensions from chain conformation. In the lower sulfonation
regime, the patterns are relatively featureless with a shoulder at q~ 0.01 Å-1, which
corresponds to 600 Å in real space. For the higher sulfonating levels, the patterns consist
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of a well-defined signature at q~0.03 Å-1, which is corresponds to ~ 200 Å in real space.
As most of the corona is highly swollen, as shown in Figure 1c and d inserts, the scattering

Figure 3.1: SANS profile of 1%wt solutions of pentablock at different propanol fractions a) f
= 0.26, b) Kratkey plot f = 0.26; c) f = 0.52 and d) Kratky plot f = 0.52 at room temperature.
The inserts in b and d correspond to the high q region in the Kratky plots. Data are marked by
the indicated symbols and fitting to distinctive core-shell models as discussed in the text.
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intensity captures well the core packing and its interface with the corona. With increasing
propanol fraction, two distinctively different regimes are observed for both sulfonation
levels: Imax decreases up to approximately f=0.4 and then increases, as shown in Figure 2a.
Imax at q=0.007 Å-1 exhibits the same trends as the calculated values using a Guinier
analysis.41, 42 Concurrently, signatures that correspond to the corona (q = 0.01 Å-1) initially
shift to higher q values, broaden and then practically dimmish, where the scattering
functions capture concentration fluctuations rather than well-defined aggregates. Upon
further increase in propanol however, similar features are developed, now at smaller
dimensions (higher q values). This behavior is captured in the Kratky plots in Figure 1b,d.
These data suggest that the PB exhibits a phase transition with a reentrant micellar phase
as a function of propanol concentration, driven by the distribution of propanol between the
blocks.

Figure 3.2: a) Imax(q)of scattering at q=0.007 Å-1 b) Power law exponent a of the scattering
profiles at intermediate q as a function of propanol fraction.
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In the intermediate q range, I(q) provides further insight into the shape of the micelles.41,
42

In this range, I(q)~ q-a where a characteristics of the shape of the scattering object.

Here a varies from 4, typical of a spherical object, to 1, typical for elongated cylindrical
or rod-like object, and then again to 4 as propanol is added to the system, as shown in
Figure 2b. These initial findings suggest that spherical aggregates, formed in cyclohexane,
evolve into elongated assemblies with increasing propanol content, and break up. With
further increase in propanol content, spherical objects are detected.
Detailed structure of the micelles was obtained though fitting I(q) to form factors of
assemblies with a core-shell (corona) morphology with a dense core and a Gaussian
corona.34 Guided by the values of a, the form factor was varied from spherical to elliptical
and finally to cylindrical before the micelles dissociates. Radius of the core Rcore and radius
of gyration of the corona Rg,corona are shown in Figure 3.3. The symmetry of the coreSulfonation

fpro

Form factor

Rshort(Å)

Rlong(Å)

f= 0.26

0.2

elliptical core

88

105

0.3

elliptical core

79

115

0.35

elliptical core

72

124

0.4

cylindrical core

75

167

0.4

cylindrical core

64

152

f= 0.52

Table 3.2: The dimensions extracted from the fitting the data to elongated
structures
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shell micelle is indicated by different symbols. For elongated structures, the smaller values
of Rcore are plotted and the longer dimensions are presented in Table 3.2.
At the intermediate propanol fractions, where the micelles are disrupted, strong scattering
is observed, however the patterns are not consistent with any one well defined structure,
while the system remains visually optical translucent and homogenous. This is consistent
with scattering of large swarms that are a mix of worm like structures and simple
concentration fluctuations but do not yield clear dimensions. Rcore and Rg of the corona
decreases with increasing propanol fraction up to ~0.4% of propanol. For the f = 0.26, the
micelles are re-formed and both the radius of the core and Rg of the coronal increase with
increasing propanol fraction. For f = 0.52, Rcore and Rgcorona remain small as the propanol
fraction increases.

Figure 3.3: Data extracted from core-shell models fitting a) radius of the core b) radius of
gyration of corona for f = 0.26 (red) and f = 0.52 (blue). Results for spherical core (circles),
elliptical core (diamonds) and cylindrical core (squares).

55

In cyclohexane, the PSS segments segregates into the core with limited number of solvent
molecules, whereas the PEP and t-BPS reside in the corona with the PEP highly swollen.34,
36

Propanol changes not only the polarity of the solvent but the degree of solvation of the

Figure 3.4: a) Scattering length density of core, b) aggregation number, c) total solvent fraction
in the core as a function of propanol fractions, and d) relative fractions of cyclohexane and
propanol for f = 0.26 (red) and f = 0.52 (blue). Results for spherical core (circles), elliptical
core (diamonds) and cylindrical core (squares).
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core and the degree of collapse of the hydrophobic blocks as well as the interfacial energy
at the core-corona interface. These three factors determine the energetics that govern the
stability of the micelles.
The SLD of the core, aggregation number and fraction of solvents in the core, as extracted
from the analysis, are presented in Figure 4 along with the calculated ratio of cyclohexane
to propanol in the core. With increasing propanol fraction, Rcore and the core SLD decrease.
As both solvents are deuterated, the decrease of the SLD of the core captures the number
of PSS segments that assemble in the center of the aggregate, providing a measure of the
aggregation number. For both sulfonation levels, the number of polymer molecules in the
aggregate initially decreases, however as the reentrant phase evolves, the aggregation
number increases for the lower sulfonation fraction but remains low for the higher
sulfonation fraction. For fpro = 0.1, cyclohexane is most prevalent in the core while only
small amounts of propanol are in the core. However, with increasing fpro, propanol
constitutes the majority of the solvent in the core while cyclohexane if present only in trace
amounts. This transition occurs after fpro ~ 0.4 where cyclohexane is still dominated in the
bulk.
At lower sulfonation fraction the core is more sparsely packed and swollen, whereas for
higher sulfonation levels the core is denser. As propanol is added, the assemblies become
more elongated until they break up. The delicate balance of the solubility of blocks in
becomes more intricate since the PSS block is hardly soluble in cyclohexane but only
partially soluble in propanol, whereas PEP and t-BPS are soluble in propanol to different
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degrees. This balance is reflected in the degree of intermixing of the core and the corona,46
as extracted from the analysis shown in Figure 3.5.

Figure 3.5: The degree of interpenetration diw of the core and the corona as extracted from the
analysis with diw = 1 being fully segregated.
In cyclohexane, the PSS is segregated to the core where the PEP assumes a highly swollen
configuration. Propanol is driven to the PSS and PEP segments, however with significant
affinities. The PEP segments remain Gaussian, but slightly less swollen. The t-BPS
segments are only slightly affected.

With increasing propanol fraction, it resides

predominately at the core-corona interface. As a result, the presence of propanol drives a
shape transformation but does not invert the micelles.
Similar to charged diblock co-polymers, the free energy of a micelle of a polymer can be
described in terms of F = Fcore + Fcorona + Finterface., where the dimensions of the core are
obtained by minimization of F. Fcore includes a component that accounts for the elasticity
of the chain, ionic clustering and solvation energy.47 Fcorona for a first approximation
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consists predominantly of elastic stretching energy and confinement entropy. At the
boundary of the core and the corona the interfacial energy per chain is approximated by
𝐹!5P ~

N, ;
[

𝛾𝑑!5P and is determined by the surface tension g, the Kuhn length a, the number

monomers per chain N and the radius of the chain R, and the dimensionality of the
assembly, plainer, cylindrical and spherical, dint = 1, 2 and 3 respectively.48 This simplistic
geometrical consideration however is complicated by the presence of ionic clusters.
However, with increasing propanol fraction, and increase in interfacial width 𝑑!\ as shown
in Figure 3.5, the interfacial tension is strongly affected, driving instabilities that result is
a micellar transition. This simplistic model only provides a context for realizing the
complex set of interactions that drive the micelles of ionizable co-polymers.
The association of cyclohexane and propanol with polar and non-polar segments of the

Figure 3.6: Cross section of micelles and the associated solvents of micelles of 5 pentablock
chains for f = 0.55 in cyclohexane and propanol. Insert represent the whole micelle. Green PEP
blocks, orange t-BPS blocks, blue PSS blocks, red oxygen, yellow sulfur, gray sodium, pink
cyclohexane, and purple propanol.
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blocks is captured by molecular dynamics simulations. Figure 3.6 visualizes micelles
formed by five pentablock chains with f =0.55 in cyclohexane and propanol and associated
solvents within 5Å of the polymer chains.49 The micelles are equilibrated for 100 ns. Both
polymer and solvents are modeled by OPLS-AA50, 51 force field and simulated using the
LAMMPS52 software package. These simulations show that cyclohexane reside
predominantly in the PEP segment while the propanol occupy multiple sites and affects the
interfacial energies.

CONCLUSIONS
The effects of solvent polarity on the assemblies formed by an ABCBA pentablock copolymer were probed by small angle neutron scattering, as propanol is added to
cyclohexane. These solvents are fully miscible. We find that similar to van der Waals block
co-polymers in selective solvents, core-Gaussian shell aggregates are formed with ionic
blocks in the core of the micelles in both cyclohexane and propanol. In cyclohexane with
low propanol fractions, the PSS segregates to the core, forming tight a ionic network with
some interstitial space, as was previously observed.34 Cyclohexane is a good solvent for
PEP resulting in a highly swollen corona. The t-BPS block resides in the corona and is only
slightly swollen.

The highly incompatible nature of the blocks and the multiple sites

available for propanol drives a transition from a spherical to an elongated micelle and then
to a transitional region where large swarms with increasing of propanol fraction. In contrast
to van der Waals polymers, at higher propanol fractions spherical assemblies are formed
but with a smaller number of polymer molecules and significantly higher portion of solvent
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in the core. Concurrently, though PEP segments are soluble in propanol, the corona
becomes more condensed in comparison with cyclohexane, predominantly due to solubility
difference of the PEP in the 2 solvents

The structure of the micelles at high propanol

fractions is surprising and reflects the effects of the balance between high incompatibility
of the ionic segments with the rest of the blocks and the interaction of the propanol with
each of the blocks. The attraction of the ionizable groups drives the formation of an ionic
core, where the affinity of the propanol to the ionic segment results in a swollen core.
Propanol which partitions to both the core and the corona reduces the core-corona
interfacial energy, breaking the micelles into swarms. Increasing the propanol fraction also
impacts the packing of the corona. Though the hydrophobic segments are soluble in
propanol, they are less soluble than in cyclohexane, thus forming a denser corona. In this
region, the propanol resides in the core, at the interface and in the corona. As a result, the
core-corona interface is broader.
The insight obtained here offers a glimpse into the formation of micelles of ionizable block
co-polymers in the high segregation regime and demonstrated the complexity of assemblies
where the solvents occupy multiple distinctive sites. Further the results show the
significance of the interfacial region between the blocks.
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CHAPTER FOUR
RESPONSE OF IONIZABLE BLOCK COPOLYMER ASSEMBLIES TO SOLVENT
POLARITY: A MOLECULAR DYNAMICS STUDY
Abstract
Ionizable co-polymers associate in solutions where ionic cluster formation often drives
assembly. The response of ionic clusters affects the driving forces for assemblies, where
the larger incompatibility between the blocks, the more distinctive the response to solvent
stimuli. Here, using atomistic molecular dynamics simulations, we follow the response of
micelles formed by a symmetric pentablock copolymer, that consists of a randomly
sulfonated polystyrene center tethered to polyethylene-r-propylene block, terminated by
poly (t-butyl styrene). The three blocks response differently in each solvent depending on
their polarity. In cyclohexane, the ionic blocks form a collapsed conformation while the
non-polar blocks form a swollen corona. In propanol and THF, the ionic block is swollen,
while the non-ionic blocks are slightly collapsed. With increasing sulfonation, the ionic
blocks form a more stable ionic core with cyclohexane associating around the dense ionic
core while THF and propanol penetrate into the core.
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Introduction
Ionizable block co-polymers, which consist of ionic blocks covalently bonded to one or
more non-ionic segments, are at the center of many current and potential application such
as clean energy,1, 2 separation devices3, 4 and bio-medical science5, 6. Combining ionizable
blocks which can facilitate transport of water and ions with van der Waals blocks that can
provide mechanical stability opens up numerous possibilities for wide range of new
materials. Because of the long-range electrostatic interactions, the ionic segments
interaction much stronger than the non-ionic segments which has a strong affect the bulk
and interfacial characteristics of the macromolecules. As a result of the strong electrostatic
interaction, these materials often have a very high glass transition temperature Tg, making
them a challenge to process by melt extrusion. Finding a common solvent for the different
blocks can also be a challenge as the ionic blocks are miscible in polar solvents which the
non-ionic segments often are not. The balance the solvation of soluble blocks and
aggregation of insoluble blocks often lead to the formation of long-lived micelles in
solution. These micellar assemblies are then directly transferred into the membrane and
control the functionality of the membrane.7, 8 As the blocks are highly incompatible, they
exhibit distinctive affinities to different solvents.
Here, we probe the response of a symmetric pentablock co-polymer with a
sulfonated polystyrene (PSS) center tethered to polyethylene-r-propylene (PEP) and
terminated by poly(t-butyl styrene) (t-BPS) to different solvents. This polymer was
designed by Kraton™. The PSS block controls the transport of ions and water, while the
PEP blocks provide flexibility and the t-BPS blocks enhance mechanical stability. Due to
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high Tg of the PSS blocks, solvent casting is one of the only ways to process this polymer
industrially. In non-polar solvents, this pentablock forms micelles with spherical and
elliptical symmetries9, 10 with the PSS blocks residing at the core of the micelle surrounded
by the PEP segments. The t-BPS blocks are distributed across the hydrophobic regions
with a slight preference to the PSS interface. These micellar assemblies formed in the
solution are directly transferred into the membrane and control the functionality of the
membrane. As the blocks are highly incompatible, they exhibit distinctive affinities to
different solvents.
Choi et al.9 first showed by x-ray scattering and STEM that in cyclohexane/heptane
mixtures, these pentablocks form spherical aggregates with an inner ionic core and outer
non-ionic corona. Using small angle neutron scattering, Etempawala et al.10 showed using
small angle neutron scattering that a cyclohexane and heptane mixture these pentablock
copolymers form ellipsoidal core-shell micelles with the PSS block in the core and
Gaussian decaying chains of swollen PEP and t-BPS in the corona. With increasing
solution concentration, they found that the size of the micelle, the thickness of the corona,
and the aggregation number increase, while the solvent fraction in the core decreases.
Aryal et al.11 carried out molecular dynamics (MD) simulations of this pentablock in water
and in a cyclohexane/heptane mixture. They found that the core of the aggregates consists
of a network of PSS with the hydrophobic blocks partially intertwined in the core but
predominantly residing in a highly swollen corona. In water, the PSS blocks reside largely
at the water-polymer interface, while in a mixed solution of cyclohexane and heptane, a
more tightly packed ionic network is formed. The ionic network serves as a long-lived
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skeleton of the assembled nanoparticle where the hydrophobic blocks are able to migrate
in and out of this structure depending on the nature of the solvent. The importance of the
solution structure of these micelles on the properties of solvent casted membranes was
studied by Huang et al.7 They observed that a random distribution of discrete sulfonated
domains in membranes casted from a cyclohexane_heptane solution while an ordered
pentablock morphology consisting of lamella and hexagonally packed ion groups were
observed in films cast from a THF solution.
Here, we the probed response of micellar assemblies of this pentablock for
sulfonation level f from 0.15 to 0.55 in three solvents: cyclohexane, THF and propanol by
using fully atomistic MD simulations. We observed that the pentablock aggregates into
core-shell micelles structures in all three solvents. The ionic core and the non-polar corona
response differently to the three solvents depending on their polarity. These finding can be
integrated into synthesis more efficient transport membranes where shape of the nano
aggregates present in the membrane is tuned by the quality of the solvent used in membrane
casting.

Model and Methodology
The sulfonation level and molecular weight of our simulated polymers were chosen to be
match previous experimental9, 10 and computational studies.11-13 The molecular weight of
each chain is ~50,000 g/mol with a weight percent (wt%) of the center atactic PSS block
is ∼40%, each of the randomly substituted PEP blocks is ∼20%, and each of the t-BPS
blocks is ∼10%. The counterion is Na+. The polystyrene center block was randomly
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sulfonated to a sulfonation level of f = 0.15, 0.30 and 0.55. The three solvent systems,
cyclohexane, tetrahydrofuran (THF) and propanol, were chosen to match the industrially
used solvents to cast the films as well as to cover the broad spectrum of solvent polarity.
Previous experimental studies10 have shown that number of polymer molecule per micelle
formed in non-polar solvent varies from 25-70 depending on the concentration of the
polymer solution. However, it is known that critical micelle concentration of ionic block
copolymer can be extremely low14. The number of polymer molecules per micelle for this
study were chosen to be 5 pentablock chains by considering these factors as well as the
computational time required to equilibrate the systems. These simulations give insight into
the effect of solvent polarity on the local packing and structure of the micelles which can
be translated into controlling the structure of solvent casted membranes.
Molecular dynamics simulations of multi-chains of ionic pentablock were carried
out using the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).15
The pentablock chains and solvent molecules are modelled using the Optimized Potentials
for Liquid Simulations All Atoms (OPLS-AA) force fields developed by Jorgensen et al.16,
17

with updated parameters for the polyethylene-r-propylene block.18 All Lennard-Jones

interactions are cutoff at rc = 1.2 nm. Coulomb interactions are treated with long-range
particle−particle particle-mesh algorithm (PPPM)19 Ewald with a real space cutoff of 1.2
nm and a precision of 10−4.
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The pentablock molecules and three solvents were constructed using Polymer
builder and Amorphous Cell modules of Materials Studio®. Following the aggregation of
polymers molecules to form micelles in dilute solvent is very challenging computational
due to large system size and the slow diffusion of the chains. Therefore, we used a different
route to form the micelles11 in which the five polymer chains were first collapsed into a
spherical micelle in an implicit poor solvent and then merged with the solvent. This was
done by placing the chains with a large spherical cavity which was slowly reduced in radii

Figure 4.1. Visualization micelles with sulfonation fraction f = 0.15 as made (left panel)
by compressing the ionic blocks (top) and whole system (bottom) in implicit poor
solvent. Right panel corresponds to the micelles after 100 ns in propanol at 500 K. In
each frame the entire micelle and the ionic center blocks are shown. The solvent
molecules are removed for clarity. The t-BPS block is shown in orange, the PEP in
green, polystyrene in blue, oxygen atoms in red, sulfur atoms in yellow and sodium
counterions in gray.
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until the interior of the micelle reached melt density (in LAMMPS this was done using the
‘fix indent’ command20). We tested two case. In the first, the five polymer chains were
compressed to form a spherical aggregate as shown in the bottom row of Figure 4.1.
Motivated by previous experimental9, 10 and computational11 work that found that the ionic
blocks form the core of the micelle, we also make the initial micelles by compressing only
the ionic center blocks to form a dense core as shown in the upper row of Figure 1.
Separately we equilibrated systems of 97,200 cyclohexane molecules, 83,500 THF
molecules and 120,000 propanol molecules in a cubic simulation cell with periodic
boundary conditions. After making a cavity in the center of each solvent system large
enough to accommodate the collapsed micelle, the micelle and solvent were merged and
equilibrated at constant pressure P = 0. The final dimensions of the simulation were ~ 30
nm for cyclohexane and propanol and 26.0 nm for THF. The systems were then run a
constant volume at a temperature of T = 500 K for at least 100 ns. The temperature was

Figure 4.2. Radius of gyration Rg of the micelle (open) and the ionic blocks (solid) as
a function of time for f = 0.15 in propanol. Red circles correspond to spherically
compressing the center blocks and blue squares correspond to compressing the whole
system to form the micelles.
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maintained by coupling the system weakly to a thermostat with a damping time of 100 ps.
After 100 ns, both ways of making the micelles rearranged into similar structures as shown
in Figure 1 (right panels) for the micelles in propanol. The time for the two starting states
to reorganize was determined by calculating the radius of gyration Rg as function of time
for the whole micelle and for the ionic segments as shown in Figure 2. These results show
that the size of the micelle as well as that of ionic segments reach a steady state after
approximately 100 ns. Similar times were observed for the micelles in cyclohexane and
THF.

In subsequent discussions, results are presented for the micelles formed by

compressing the ionic blocks, though the two give very similar results.

Results
As seen in Figure 4.3, the three blocks respond to the three solvents differently. In
cyclohexane, which is non-polar and a good solvent for the non-ionic segments, ionic
blocks rearrange at low sulfonation fraction (f = 0.15), while maintaining its overall
spherical shape of the micelle. With increasing sulfonation, the ionic blocks condense
forming a spherical core, while the non-polar t-BPS and PEP blocks, which are soluble in
cyclohexane, the non-ionic blocks forming the corona. In THF, which is more polar and a
common solvent for both the ionic and non-ionic segments, the ionic blocks reorganize
into a more swollen, extended structure for low sulfonation. For the highest sulfonation
fraction (f = 0.55), the ionic blocks form a collapsed aspherical core with the non-ionic
blocks forming an extended corona. In propanol, which is polar and good solvent for both
ionic and non-ionic blocks, the ionic blocks form a swollen, extended structure for low f,
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which collapses into a dense, spherical core for large f. In contrast to cyclohexane and
THF, the non-ionic blocks are more collapsed in propanol.

Figure 4.3. Visualization of a) the micelle and b) the ionic center blocks in cyclohexane
(top), THF (center) and propanol (bottom) for f = 0.15, 0.30 and 0.55 at 500 K. The solvent
molecules are removed for clarity. The t-BPS block is shown in orange, the PEP block in
green, polystyrene in blue, oxygen atoms in red, and sulfur atoms in yellow.
spherical shape of the micelle. With increasing sulfonation, the ionic blocks condense
forming a spherical core to the micelle for f = 0.55. The non-polar t-BPS and PEP blocks,
which are soluble in cyclohexane, the non-ionic blocks forming the corona. In THF, which
is more polar and a common solvent for both the ionic and non-ionic segments, the ionic
blocks reorganize into a more swollen, extended structure in low sulfonation. With the
highest sulfonation fraction (f = 0.55), the ionic blocks form a collapsed aspherical core
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with the non-ionic blocks forming an extended corona. In propanol, which is polar and
good solvent for both ionic and non-ionic blocks, the ionic blocks form a swollen, extended
structure for low f, which collapses into a dense, spherical core for large f. In contrast to
cyclohexane and THF, the non-ionic blocks are more collapsed.
The nano scale aggregation of these pentablocks was further resolved by probing
the static structure factor S(q). Computationally, S(q) is given by S(q) =
;
.
∑;
!,"<- 𝑏! 𝑏" 〈expc𝑖𝒒. s𝒓𝒊 − 𝒓𝒋 tf〉/ ∑!<- 𝑏! ,

Figure 4.4. Static structure factor S(q) as function of wave vector q for the micelle (top)
and for the ionic blocks (bottom) in cyclohexane (red circles), THF (blue squares) and
propanol (purple triangles) for different sulfonation fractions f = 0.15 (right), f = 0.30
(center), f = 0.55 (left). Solid lines correspond best fits to the core-shell model.
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where bi are the scattering lengths and ri the position of atom i. Using the scattering lengths
bi for neutrons21, 22, S(q) for entire micelle and for the ionic blocks is shown in Figure 4.
All the results are averaged over 200 configurations with 500 random q vectors for each q.
The secondary peak in S(q) at low q is a direct measure of how well-defined the
structure of a micelle is. For f = 0.15, S(q) does not have a well-defined peak at very q,
indicative of the diffuse nature of the micelle, particularly the core which is the strongest
scatter. However, with increasing sulfonation, the low q peak S(q) is clearly seen for all
three solvents which indicates the formation of a more well-defined aggregate. The
effective size of the micelle is given by d = 2𝜋/qpeak, which for f =0.30 and f = 0.55
corresponds to d = 7.9 nm and 5.2 nm, respectively.
At intermediate q regime, S(q) scales as q-a. The value of a depends on the shape
of the aggregate. For a sphere, a = 4, for a Gaussian chain a = 2 and for a
cylinder a = 1. As seen from the fits in Figure 4.3, a increases from 3.6 to 4.0 as the
sulfonation level f increases. This indicates that the micelle become more spherical as f
increases, consistent with the visual observations shown in Figure 2. The static structure
factor S(q) of just the ionic blocks shows a significant solvent dependency for f = 0.15. In
cyclohexane a = 3.8, which suggests a more spherical aggregate. With increasing solvent
polarity a decreases. In propanol, a ~ 1 which illustrate the more elongated structure of
the ionic blocks for f = 0.15. However, for higher sulfonation a ~ 4 for all solvents as the
ionic blocks form a more spherical core.
Further, insight into the structure was obtained by fitting S(q) for the entire micelle
to core-shell form factors23, 24. In an ideal core-shell mode, the surface of the core is smooth
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and well defined, and the shell is homogeneously distributed around the core. But with the
presence of three different blocks which has different flexibility and interactions, there is
some intermixing of the core and corona. The model has a correlation term between core
and corona which allows for this intermixing. Also, an elliptical or spherical core fit was
used depending on the value of a. For f = 0.15, the data for S(q) is best fit with an elliptical
core-shell model with high degree of intermixing of core and the corona. For f = 0.30,
spherical-core shell model gave the best fit with significant intermixing of core and corona
while f = 0.55, the best fit is for a spherical core-shell model with very little intermixing of
ionic blocks in the core and the non-ionic blocks in corona. These fits are consistent with
the visible observations that for the higher sulfonation levels, core is more homogeneous
and spherical.
The distribution of the atoms within the micelles and the ionic blocks are captured
as radial density profile as a function of distance from the center of mass of the micelle for
the f = 0.15 and 0. 55 are shown in Figure 4.5. These mass density profiles support the
visual observations of the micelles shown in Figure 4.2 and reveal further details about the
aggregates. In all three solvents, the overall density and of the ionic blocks are more
diffusive for f = 0.15 but much larger with a sharper interface for f = 0.55. The radius of
the micelle is largest (~ 9 nm) for cyclohexane is ~90 Å and decreases as the polarity of
the solvent increases. For f = 0.55, the overall size of the micelle is very similar for all
three solvents. The solvent density shows that while all three solvent penetrate the core,
there is about twice as much propanol and THF in the core than cyclohexane.
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Figure 4.5. Radial density as function distance r from the center of mass of (a) micelle
and (b) ionic blocks for f = 0.15 and (c) micelle and (d) ionic blocks for f = 0.55 (solid
symbols) in cyclohexane, THF and propanol. Open symbols are the solvent density.

The ionic groups of the center block aggregate into clusters. For f = 0.15 average cluster
size is ~ 4 in cyclohexane and decreases ~ 2 for the more polar solvents. Here two SO3-
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groups are considered to be in the same cluster if two sulfur atoms are separated by a
distance of 0.7 nm or less. For the highest sulfonation fraction f = 0.55, the average cluster
size increases to ~20 for propanol and THF and 24 for cyclohexane. The effects of solvent
polarity on cluster formation in ionic core is further explored by probing the association of
the solvent molecules with the ionic groups. Figure 6 illustrates the association of
cyclohexane and propanol molecules for f = 0.15 and f = 0.55. For low sulfonation fraction,
both all three solvent molecules associate with the ionic groups. However, more propanol

Figure 4.6. a) Example of association of cyclohexane (blue) and propanol (pink) with
ionic groups for f = 0.15 (top) f = 0.55 (bottom). A cross section of the ionic blocks is
shown. Yellow corresponds to the sulfur atoms, green represents part of the backbone and
the phenyl rings. b) Number of solvent molecules per ionic group associated for with an
ionic group for different sulfonation levels.
and THF molecules are associated with the ionic groups at about the same level as for low
sulfonation fractions. In contrast, cyclohexane is largely excluded from the core. The THF
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and propanol molecules which penetrate into the core, weaken the ionic interaction,
resulting in a slightly swollen ionic core compared to cyclohexane (Figure 5b).

Conclusions
Here using molecular dynamics simulations, we studied the of solvent polarity on the
structure of micelles made structured ionic block copolymers. We found that the micelles
formed from this pentablock copolymer response differently depending on the polarity of
the solvent. In cyclohexane, the ionic blocks form a collapsed conformation while nonpolar blocks form a swollen state. In contrast to cyclohexane, in propanol and THF the
ionic blocks are more swollen and non-polar blocks slightly more collapsed. With
increasing sulfonation, ionic blocks condense to form a more stable ionic core.
Cyclohexane associated around the dense ionic core while THF and propanol penetrated
into the core.
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CHAPTER FIVE
INTERFACIAL RESPONSE OF STRUCTURED IONOMER THIN FILMS
Abstract
Ionic block co-polymers with distinctive block characteristics display the diversity crucial
for design of macromolecules for targeted applications. From the energy-water nexus to
biotechnology, controlling the interrelation between interfacial response and bulk behavior
of these polymers remains a challenge. Here we probe a symmetric block co-polymer with
a sulfonated polystyrene center tethered to polyethylene-r-propylene and terminated by
poly(t-butyl styrene) at the interface with water, propanol and THF using molecular
dynamics simulations. We find that the interfacial width at the water interface decreases,
exposing more ionizable groups whereas the interfacial width for the propanol and THF
systems increases and is dominated by hydrophobic blocks. Water molecules associate
predominantly with the ionic blocks while propanol and THF reside in both the ionic and
non-ionic segments. The composition and topology of the interfaces reflect the response
of the individual segments to the solvents; nevertheless, they are strongly coupled with the
solvent effects on the ionic clusters.
Introduction
Ionizable polymeric membranes are in the core of the energy-water nexus and
transcend numerous biotechnology applications, where they facilitate ion transport across
interfaces. 1-3 Their technological promise has driven immense efforts to tether ionizable
segments that enable transport to van der Waals polymers, incorporating the rich phase
diagrams that co-polymers offer with the transport ability of ionic polymers.4
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Incorporating ionizable groups into van der Waals co-polymers introduces long range
electrostatic interactions that affect the bulk and interfacial characteristics of the
macromolecules. Additionally, these ionic segments impact the interactions of the polymer
with solvents which are often an integral part of many technologies. Although tailoring
ionic polymers chemistry and topology to targeted application provides a promising
approach to molecular engineering, their interfaces, particularly in presence of solvents,
remain largely uncontrolled. Manifestation of interfacial dynamics is a time lag observed
between the onset of exposure of polymers such as polystyrene sulfonate (PSS), PFSIs and
Nafion™ to solvents and the actual onset of diffusion. 5-7 This delay has been attributed to
the time it takes for the interface to rearrange and transport channels to form. However
molecular insight to understanding the dynamics at the interface and formation of transport
channels, is yet to be realized. The challenge lies in the structured nature of the co-polymers
whose blocks are highly segregated and each block has a markedly different affinity and
response at interfaces with solvents. The intricate relation between the multiple blocks of
ionizable co-polymers results in a broad range of fundamental new macromolecular
behavior.
Controlling the response of a structured, ionizable co-polymer to solvents at films
interfaces and at internal boundaries requires molecular level insight of the evolving
interfacial structures in these films. Here using fully atomistic classical molecular
dynamics (MD) simulations, we probe the interfacial regions of structured ionic block copolymers at the boundary with solvents.8 We find that though the interfacial region often
rearranges in contact with solvents, unlocking ionic clusters is critical to the polymer
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response to solvents and their overall structural adaptation.
Specifically, we probe interfacial dynamics of a model ionizable pentablock copolymer with a randomly sulfonated polystyrene (PSS) tethered symmetrically to two nonpolar blocks of poly(ethylene-r-propylene) (PEP) terminated by two poly(t-butyl styrene)
blocks (t-BPS). This polymer was designed by Kraton™ with the rational that tethering
mechanical stabilizing groups symmetrically around an ionizable block will lead to ion and
water transporting channels surrounded by mechanically stablizing groups. The blocks are
in the high segregation limit and exhibit distinctive affinities to most common solvents.
The intriguing structure and potential technological uses of this co-polymer have driven
numerous studies of solutions9-14 and membranes15-22 of this pentablock. These studies
provide the first insight into the interrelation of the polymer with solvents and set the
foundation for the choice of systems probed herein. This pentablock forms micelles in
non-polar solvents with spherical and elliptical symmetries.10-11 The PSS blocks reside at
the core surrounded by the PEP segment. The t-BPS is distributed across the hydrophobic
regions with a slight preference to the PSS interface. A direct molecular insight was
attained by MD simulations by Aryal et al.23 who found that in contrast to spherical
micelles formed by non-ionic block co-polymers, the core of the aggregates consists of a
network of PSS.

The hydrophobic blocks are partially intertwined in the core but

predominantly reside in a highly swollen corona. In high dielectric constant solvents such
as water, the PSS blocks reside largely at the water-polymer interface. The ionic networks
within these micelles, however, are retained when the micelle is expose to solvents of
different nature while the hydrophobic segments respond to changes in the solvent
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environment.11 These aggregates assemble into membranes where the shape, size and
distribution of the ionic assemblies are strongly affected by the casting solvents and in turn
affects the transport ability of the membranes.14, 17
The interface of membranes of this pentablock cast from numerous solvents is
structured and consists of nano domains of all blocks. Using MD simulations Aryal et al.8
showed that upon exposure to water, interfacial rearrangements take place, where the nonsulfonated segments are driven away from the water interface.
Building on the fundamental observations that the interface of the pentablock rearranges
when exposed to water, we study the polymer-solvent interface response to water, propanol
and THF.

Three solvents were chosen with the rational of providing distinctive

environments with direct impact on processing of the polymers into membranes and their
operation within different applications. The response of the polymer films was followed
for extended times to allow not only to capture the interfacial response but to follow the
effects of solvents on the internal dynamics of the polymers. Figure 5.1 visualizes the
polymer-solvent systems with the three solvents as made (t=0) and at 1000 ns. The
response of thin films to vapors of these solvents is explored with the overarching goal of
obtaining a molecular insight into transport across the membrane interface. We find that
the interfacial response is a convoluted function of the interaction of each of the blocks
with the solvents and is strongly affected by the ionic network.
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Figure 5.1 a) Visualization of the solvent/membrane systems with water, propanol and
THF after 1000 ns for f = 0.55 at 400 K. The top images depict the solvents where some
of the polymer molecules are plotted in a semi-transparent mode. The lower images
correspond to the polymer molecules and the solvent molecules are removed for clarity.
The image at time t = 0 corresponds to the membrane and water layer prior to direct
exposure. The t-butyl polystyrene block is shown in orange, ethylene-propylene block in
green, polystyrene block in blue, oxygen atoms in red, sulfur atoms in yellow, propanol
and THF atoms in pink, and water molecules in violet. b) Number of solvent molecules N
in the membrane as a function of time t for water propanol, and THF.
Methodology
The pentablock, propanol and THF were built using the Polymer Builder and
Amorphous Cell modules in Accelrys Materials Studio©. All three were modeled using All
Atoms Optimized Potential for Liquid Simulations (OPLS-AA) force fields developed by
Jorgensen et al.24-25 with updated parameters for the polyethylene-r-propylene block.26
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Water molecules were modeled using the TIP4P/EW model.27

All Lennard-Jones

interactions are cutoff at rc = 1.2 nm. Coulomb interactions are treated with long-range
particle−particle particle-mesh algorithm (PPPM)28 Ewald with a real space cutoff of 1.2
nm and a precision of 10−4.
The polymer membrane contained thirty pentablock chains, each with a molecular
weight ~50,000 g/mol. The total weight percent (wt%) of the center atactic PSS block is
∼40%, each of the randomly substituted PEP blocks is ∼20%, and each of the t-BPS blocks
is ∼10%. The counterion is Na+. The polystyrene center block was randomly sulfonated to
a sulfonation level of f = 0.55. The membrane thickness is ~ 17 nm with a cross-sectional
area Lx x Ly = 16 nm x16 nm. The length of simulation cell perpendicular to the film Lz =
40 nm to allow space for the solvent. A smooth, repulsive walls, modeled by a purely
repulsive 9-3 LJ potential, were placed at the upper and lower edge of the simulation cell
to keep the molecules from crossing directly from one side of the membrane to the other.
The simulation cell is periodic in the x and y directions. Three systems of 64,000 water
molecules, 23,700 propanol and 23,500 THF molecules were equilibrated in a cell with
dimensions Lx and Ly matching that of the pentablock film. A slab of 6 nm thick water, 14
nm thick propanol and THF were cut from the bulk simulation and placed in contact with
one surface of the pentablock film as shown in Figure 1. A a small space was left between
the top of the solvent films and the upper wall as seen in Figure 1 to facilitate formation of
a vapor. Since water, propanol and THF evaporate into this gap, the diffusion into the
membrane is under ambient pressure. For more details see Aryal et al.8
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All simulations were carried out using the LAMMPS MD code. The Newton
equations of motions were integrated using a velocity-Verlet algorithm. The reference
system propagator algorithm (RESPA)29 with multi-time scale integrator and a time step
of 1.0 fs for the bond, angle, dihedral, van der Waals interactions, and direct interactions
part of the electrostatic interactions was used. For the long-range electrostatic interactions,
a time step of 2.0 fs was used. The temperature of the system was maintained with a
Langevin thermostat with a damping time of 0.1 ps. After the water, propanol and THF
slabs are placed in contact with the polymer, each system was run at constant volume for
1000 ns.
Results
The visualization of water, propanol and THF -membranes systems is presented in
Figure 1a, 1000 ns after exposure to the solvents. These exceedingly long times are
comparable with segmental dynamics of non-ionic polymer melts and allow the solvent
molecules to transverse the membranes. Upon exposure of the films to water, propanol
and THF notable different procceses take place at the interface as observed in the bottom
panel of Figure 1a. Water drive retraction and packing of the hydrohobic chains at the
interfaces, exposing some of the ionic segments, whereas at the interface with propanol or
THF the hydrophobic blocks are swollen by the solvents. However, some sulfonated
segments reside at the interface with all three solvents. The images show that propanol
and THF reside in all blocks in contrast to water that is located predominantly in the
sulfonated one, pointing to different transport pathways for each of the solvents.
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The number of solvent molecules in the membrane as a function of exposure time
is shown in Figure 5.1b. For water, an initial slow onset is observed where rearrangements
take place and expose the sulfonated groups to the solvents. These results for the early
times are consistent with those observed in MD simulations by Aryal et al.8 and
experimentally by neutron reflectivity by He et al. for other inomers.6 In contrast, propanol
and THF rapidly diffuse into the membranes and the hydrophobic blocks swell. At long
exposure times all three solvents drive rearrangements of the ionic clusters. A top view of
the interfaces for the three solvents is presented in Figure 5.2a. The surface of the dry film
is dominated by hydrophobic groups as shown at t=0.

Figure 5.2. a) Top view of the polymer-solvent interface at the indicated simulation times.
The t-BPS block is shown in orange, PEP block in green, polystyrene block in blue, oxygen
atoms in red, and sulfur atoms in yellow. b) Number of sulfur atoms at the polymer-solvent
interface as a function of time for water, propanol, and THF.
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In contact with water, the hydrophobic segments retract from the interface exposing
more ionic groups, whereas in THF and propanol the hydrophobic groups initially swell.
At later times however, the ionic groups migrate to the interface. This interfacial response
in water is consistent with previous observations of Aryal el al.23 who showed that in
micellar solutions of the pentablock, the hydrophobic segments retract in presence of water
while dominating the interface with cyclohexane, whereas the ionic blocks form a network
that remains stable. For all solvents however, the number of sulfonated groups that reside
at the interface increases with exposure time as shown in Figure 2b. The number of
additional sulfur atoms at the polymer-water interface is four times larger than at the
polymer-propanol and THF interfaces after 1000 ns.

Figure 5.3. Mass density of the polymer films at the interface with a) water b) propanol
and c) THF as a function of distance z from center of membrane at different exposure times
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along with the profiles of the corresponding solvents. d) the density profile of the ionic
block prior to exposure (neat) and at 1000 ns after exposure to the three solvents. Insert
presents the time evolution of interfacial width for the 3 solvents. Full symbols represent
the polymer density and open symbols the solvents.
The response of the polymer film to the different solvents was further explored
following the time evolution of the density of membrane exposed to the three solvents.
The interfacial profiles, measured from the center of the film, perpendicular to the
interface, presented in Figure 5.3 a-c, clearly show that the polymer exhibits a sharp
interface with water while the interface with propanol and THF are significantly broader.
In bulk, the ionic clusters dominate the dynamics of the polymers. To corelate the
interfacial dynamics with the ionic clusters network, the density profiles for PSS were
extracted and are shown are shown in Figure 5.3d. These profiles reveal that with
increasing exposure time to water the PSS blocks migrate towards the interface. In
comparison, only small changes are noticeable in the location of the PSS for films exposed
to propanol and THF.
The interfacial widths of the films capture the inherent roughness of the polymer
boundaries and the degree of swelling. The interfacial width Δ was calculated by fitting the
interfacial region to an error function erf(z/√2Δ). The interfacial widths for the three
solvents are shown in the inert of Figure 5.3-d. For water, the interfacial width decreases
with time of exposure while in propanol and THF, it increases, though the rate of change
decreases after ~500 ns.
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Figure 5.4. a) The uptake of solvent in the PSS (full symbols) and the t-BPS and PEP
blocks (open symbols) in a 4nm thick slab at the center of the film and b) the percentage
of solvent molecules in the different blocks.
With a clear distinction in the interfacial characteristics of the polymer exposed to
water, propanol and THF, we further probed the solvent distribution as a function of time
for a 4nm slab in the center of the film. Figure 4a captures the number of solvent molecules
that reside in this slab in both the ionic and non-ionic blocks. With increasing exposure
time, all three solvents diffuse into the film and reach a steady state at the center. Most of
the water molecules reside in the PSS blocks. In contrast, significant amounts of THF
reside in the hydrophobic region, with yet a notable number are associated with the PSS
block. The propanol however is distributed across both regions. The fraction of solvent
molecules in each of the blocks is shown in Figure 4b, where the time dependence of the
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percentage of the number of each of the solvent molecules in the center slab is plotted.
Hardly any changes are observed for the water distribution with time. At early times
significant amount of THF resides in the hydrophobic blocks, however as time progresses,
some of the THF molecules migrate into the hydrophilic regions. Even at the initial stage
the propanol, resides in both ionic with a slight preference to the ionic regime. With
increasing time, the difference is reduced. We note that though THF and propanol reside
in all segments, the ionic networks are retained, though are changing in size and shape.
These results are consistent with our solution studies23 that have shown that in propanol
the micelles expand and change shape but do not break and the sulfonated blocks remain
in the core.

Figure 5.5. a) Average cluster size in a 4 nm thick slab at the center of membrane as
function of time for water, propanol, and THF. b) Illustration of breakup of ionic network
into small ionic clusters in water, propanol and THF.
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The correlation of the solvent distribution among the blocks with the ionic clusters
characteristics was explored by calculating changes in the average cluster size with time in
this center slab. Ionic clusters are defined by assuming that any two sulfur atoms that are
separated by less than 0.6 nm, are in the same ionic cluster. The closest distance between
two sulfur is a cluster is 0.46 nm. The average cluster size in the 4 nm thick slab at the
center of membrane as a function of time is shown in Figure 5a. Similar results for the
cluster size distribution are obtained with cutoff distance 0.5 or 0.7 nm.
For all three solvents, the average cluster size decreases with increasing number of
solvent molecules, where the most pronounced effect is in water compared to propanol and
THF. The cluster dimensions do not change any further after the solvent saturates the
membrane. To calculate the degree of association of solvent molecules with the ionic
clusters, we define a sphere around each sulfur atoms of radius 0.7 nm. If any atom in a
solvent molecule is within any sphere around a sulfur atom, it is counted as being associated
with an ionic cluster, otherwise it is counted as being associated with the other two blocks.
The number of solvent molecules directly associated with the sulfonated groups is
markedly different for water and propanol as demonstrated in Figure 5b. The association
pattern of the solvent molecules with the ionic clusters is attributed to both the polarity of
the solvents and the size of the solvent. Nevertheless, the clusters in solvents with lower
dielectric constants are larger compared to water.
Conclusions
This study offers an insight into response structured ionic block copolymers films
to solvents of different polarities including water, propanol and THF. The interface of the
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dry membrane is dominated by the aliphatic domains. With exposure to water, the
interfaces rearrange; hydrophobic segments retract, exposing more hydrophilic groups and
the interface becomes smoother. At the interface with propanol and THF, the hydrophobic
segments swell, and fewer ionic groups reside at the interface compared to water. While
propanol and THF penetrate the membrane at a higher rate than water, their distribution in
the different blocks is markedly different. Water penetrates the film predominantly through
the PSS domains, while propanol and THF reside in all blocks. All three solvents strongly
effect the of size and distribution of the ionic clusters. The overall response of the film is
strongly affected by the network of ionic clusters that change in size and continuity with
solvent penetration.
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CHAPTER SIX
EFFECTS OF INTERACTION STRENGTH OF ASSOCIATING GROUPS ON
LINEAR AND STAR POLYMERS DYNAMICS.
Abstract
The addition of even a small number of associating groups has dramatic effects on the
mobility and viscoelastic response of polymer melts. The associating group aggregate
forming a polymer network, whose lifetime depends on the strength of the interaction
between the associating groups. Here, using molecular dynamics simulations, we probe the
effects of associating groups on the structure and dynamics of linear and star polymer melts
and blends, where both the associating groups and the topology affect the properties of the
system. The polymer chains are modeled by a bead-spring model and the associating
groups are incorporated in the form of associating beads with an interaction strength
between then that is varied from 1-20 kBT.

As the strength of the interaction between

associating groups increases the aggregate into clusters of increasing size. These cluster
act as crosslinkers which slow the chain mobility. Blends of chains with and without
associating groups macroscopically phase separation even for relatively weak interaction
between the associating groups.
1. Introduction
Associating groups in polymers drive their structure in melts and in solutions and has
remarkable effects on their properties including mechanical properties and viscoelastic
response.

Associative complexes are driven by a broad range of interactions from

hydrogen bonding and π-π interactions to long lived assemblies such as ionic clusters in
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polymers. Hydrogen bonding and π-π interactions are typically pairwise association whose
strength depend on the polarizability of the association groups and steric effects.
Association of ionizable groups however are formed by multiple groups and exhibit a
hierarchical assembly process in which multiples are first formed where tight ionic species
are tightly arranged in a charge balanced manner.1 The multiples form ionic clusters, where
cohesion of these clusters affects the structure and dynamics of polymers and their
function. It has long been realized that ionic clusters determining the structure and
dynamics of ionic polymers.2 However, the interrelation of the strength of interactions of
the association groups, fundamental to formation of clusters, and their correlations with the
overall structure and dynamics of the polymers is yet to be resolved. In contrast to
hydrogen bonds and p-p stacking, ionic assemblies are dominated by long range
electrostatic interactions of multiple associative groups that affect the delicate energy
balance with the elasticity of the chain.2-4
Associating polymers are in the core of many applications where ion transport is an
integrated part of their function. These include polymers for energy generation and storage,
the water economy as well as bio technology.4-6 The ionizable groups aggregate into longlived clusters which serve as physical cross-linkers and in parallel, facilitate transport. The
shape, size and cohesion of these clusters and the interrelation with the overall structure
and dynamics of the polymers remain an open question despite immense efforts. This is
due in part to the fact that the nature of the ionic clusters including internal packing of the
ionic groups, and the overall size and shape of the clusters result from a delicate balance
between numerous factors including factors that stem from the ionic groups including
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electrostatic interactions, size of the ionic groups, size and charge of counterions, coupled
with polymeric characteristics such as stiffness of the polymer backbone, chain architecture
and polarity of their surroundings. Numerous computational studies have focused on
resolving the daunting task of resolving the effects of separate factors.7-12 Among these are
studies by Hall and co-workers who imbedded charges on coarse grained models and
studies their effects on the structure.9, 10 The current study uses molecular dynamics (MD)
simulations to derive the relation between the strength of the associating groups and the
polymer characteristics.
To understand the assembly process of the ionic clusters, the complexity of the
system is reduced by using a coarse-grained bead spring model in which the associating
groups are incorporated in the form of associating beads along the backbone. We target a
range of interchain interactions of up to ~ 20kBT that is sufficient for the polymers to
associate, but the chains are not locked by the long-range electrostatic interactions.
Specifically, we study linear and 3-arm star in which the interaction strength between
associating bead is varied in melts of pristine polymers and blends.

Melts of pristine

polymers are probed with the goal to resolve cluster size dependence on the interactions
with the associating groups and determine the interrelation between cluster characteristics
and polymer dynamics polymer dynamics. Increasing complexity, blends of associative
and non-associative polymers are then studied, probing the interrelation between cluster
formation and phase segregation.
In their recent study, Carrillo et al.13 showed using small-angle neutron scattering and
MD simulations that while interchain associations are important in a melt, intrachain
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Figure 6.1. Images of a melt of 500 chains chain contains 100 beads of linear (red) and
star (blue) polymers with 5 associating groups (yellow) per chain for three values of the
interaction strength between associating groups 𝜀$ = 2, 5 and 20 at t=10 7 t.
association cannot be neglected in determining the static structures of associating polymers.
They showed that even moderate association strength and degree of functionality, the chains
are contracted and deviate from the standard random walk structure. This leads to intrachain
loops which are not included in any dynamic theories of associating polymers. We find a
similar reduction in the radius of gyration of the chains. We also show that the number of
unique chains contributing to a cluster decreases as the size of the associating group
aggregate increases and that there are fewer unique chains and hence more intrachain
associations for 3-arm star polymer compared to linear chains. Figure 1 visualizes melts of

linear and star polymers for increasing interaction strengths of the associating beads,
demonstrating the ability of the chains to associate and form clusters at very low
association strength.
Though a vast amount of knowladge has been obtained on the associating polymer melts and
solutions, little is known about blends of associating polymers, though they are of immense
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technological significant, particularly understanding the formation of ionic-nonionic interfaces
within membranes. Polymer blends are usually described in terms of an effective interaction
parameter χ, which describes the relative strength of the interactions between the monomers on
different chains.14 For a blend of two chains of the same length N, the blend is miscible if χ < χc
and immiscible for χ > χc where χc is the critical value of χ. In Flory-Huggins theory χcN = 2.
However, the factors that affect blending of nearly identical polymers in which one contains a
fraction of strongly interacting associating groups along the backbone, which is often critical to
formation of stable interfaces in device applications, have not been resolved. While van der Waals
polymers and identical ionizable ones hardly interpenetrate in thin films, the effects of the
association strength on the degree of segregation is not known. Further it is unknown how the
miscibility depends on the interrelation of chain architecture and the strength of the interaction
between associating groups. Here we present results for blends of linear and star polymers in which
half of the chains contain associating groups and half do not. We show that even for relatively weak
interaction between the associating groups, these blends are immiscible.

2. Methodology
Molecular dynamics simulations were performed using the Kremer-Grest coarse-grained
model in which the polymer chains are treated as beads (monomers) of mass m and
diameter s connected by a non-extensible spring.15 We studied melts of 500 chains of
linear and three arm star polymers, each with 100 beads per chain. For blends, each system
contained 2000 chains with and 2000 chains without associating beads. Two types of beads
were used, non-associating groups (type 1) and associating groups (type 2). A pair of
monomers of type a and b separated by a distance r interact with a Lennard-Jones potential,
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𝜎 -.
𝜎 Y
4𝜀`a q1 2 − 1 2 r
𝑟
𝑟
𝑈`a (𝑟) = ƒ
0
with cutoff rcut =2.5s.

𝑟 ≤ 𝑟%LP

(6.1)

𝑟 > 𝑟%LP

The non-associating groups interact with strength ε11. The

associating beads interact with strength ε22 ≥ ε11. The cross term is set to ε12 = e11. W
studied systems where the dimensionless ratio of the strength of the associating and nonassociating groups εs = ε22/ε11 varies from 1 to 20. As all the systems were simulated at a
temperature T = e11/kB, the strength of the interaction between associating beads
corresponds to 1 to 20 kBT. Five associating groups are randomly distributed on each chain.
The potential between connected beads is defined by the finitely extensible nonlinear
elastic potential with a spring constant k = 30𝜀/𝜎 . and a maximum bond extension
parameter of Ro = 1.5σ.15 The entanglement length Ne ~ 84 for the linear, homopolymer
melt.16, 17
The simulations are carried out using the Large Scale Atomic Molecular Massively
Parallel Simulator (LAMMPS) software.18 Melts of linear chains of length 100 were
prepared following the procedure described by Auhl et al.19 For the star polymers, linear
chains of length 67 were first prepared after which a strand of length 33 beads was added
to the center bead. The linear-star blends were made by randomly placing the two types of
chains in the simulation cell. The equations of motion were integrated with a time step at
dt = 0.01t, where t = (ms2/e11)1/2 is the standard time unit for a Lennard-Jones fluid. The
temperature was set to T = e11/kB using a Langevin thermostat with a damping time constant
of 10τ to maintain temperature.20, 21 For reference, for a homopolymer (es=1) of linear chain
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melt, the glass transition temperature Tg ~ 0.43 e11/kB.22 After the systems were equilibrated
at pressure P = 0 with 𝜀$ = 1, five beads on each chain were randomly changed to type 2
and the simulations run for an additional 1 million steps at constant pressure after which
the systems were run at constant volume. The final density r is all cases is r ~ 0.89s-3. All
systems were run for at least 1 billion time steps or 107 t.
The static structure factor S(q), which computationally is given by
;

;

𝑆(𝑞) = ˆ 𝑏! 𝑏" ‰𝑒𝑥𝑝c𝑖𝒒. (𝒓𝒊 − 𝒓𝒋 )f‹/ ˆ

!<-

!,"<-

𝑏!.

(6.2)

where bi is the scattering length for monomer i. Due to the periodic boundary conditions,
the wavevectors q are limited to q =

.3
S

(𝑛' , 𝑛C , 𝑛* ), where L is the length of the simulation

cell and 𝑛' , 𝑛C and 𝑛* are integers. The structure factor S(q) for the associating groups is
obtained by setting bi=1 for each associating bead (type 2) and bi = 0 for the non-associating
beads (type 1). For blends of chains with and without associating groups, we measured the
structure factor S(q) of two types of polymers, which provides information on miscibility.
These two structure factors are obtained by setting bi = 1 for one type of chain and bi = 0
for the other to provide maximum contrast between the two types of chains. Excess
scattering in S(q) at low q is indicative of phase separation.
3. Results and Discussion
A-Melts

The evolution of the assembly of the associating groups was probed

following switching on the interaction 𝜀$ between associating groups. The average cluster
size Nc was calculated as a function of time and is shown in Figure 2a. Two associating
group beads are considered to be in the same cluster if they are separated by a distance of
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1.5 s or less. Similar results are obtained for cutoff distances of 1.4 and 1.6 σ. The average
cluster size Nc increases with time and reaches a steady value after 0.4 to 1.0 x106t
depending on the strength of the associating groups.

The stronger the interaction, the

larger the clusters

Figure 6.2. a) Average cluster size 𝑁% as a function of time at the indicated six values of
the associating group strength 𝜀$ for linear (bold) and star (open) polymer melts. b)
Average cluster size as function of 𝜀$ . Results for chains of 100 beads with 5 associating
groups per chain.
are, and they form faster. Nc averaged over the last half of the run is shown in Figure 2b
where increasing the interaction strength between associating groups from 𝜀$ = 1 to 5,
results in a steep increase in the average cluster size Nc. For larger 𝜀$ , the increase in Nc
with 𝜀$ is more gradual. This is attributed to constraints on packing from the nonassociating beads.
Experimentally, one strong signature of the clustering of associating groups is seen in static
structure factor S(q) measured by neutron scattering. Results for S(q) for the associating
groups for linear and star melts are shown in Figure 3 for six values of the associating
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group interaction strength 𝜀$ . The results are averaged over 200 configurations taken from
the last 2x106t of the run. As 𝜀$ increases the peak at low q increases in intensity indicative
of the formation of clusters of associating groups. The onset of this low q signature is at q
~ 1𝜎 G- occurs for es > 3 for linear chains and for 𝜀$ > 2 for the star polymers. The
difference of the two chain architectures result in a higher peak intensity for a given 𝜀$ for
star polymers than for linear chains. The characteristic distance d = 2p/q for the first peak
~ 6s corresponds to an average distance between associating group clusters. The formation
of clusters was illustrated in the images shown insets of Figure 3. The intensity and width

Figure 6.3. Static structure factor S(q) of the associating groups as a function of wave
vector q of (a) linear and (b) star polymer melts for six values of the interaction strength
es between associating groups. The inset shows images of the system at t = 107 t for 𝜀$ =
10. The associating groups shown in yellow and non-associating groups in red (linear)
and blue (star).
of S(q) for different 𝜀$ values show that foe 𝜀$ = 2 the associating centers are only weakly
correlated spatially while for stronger 𝜀$ they form well defined correlations that increase

116

with increasing cluster size. The secondary structure in S(q) at q~6𝜎 G- is a signature of
local monomer packing of the associating groups which increases with increasing 𝜀$ .
To separate the intra and inter molecular contributions to the associating group
clusters, we measured the number of unique polymer chains Nuc in a cluster of size Nc. The

Figure 6.4. Number of unique chains Nuc in a cluster divided by the cluster size Nc as a
function of cluster size for (a) linear (b) star melts for four values of es.
significance of inter versus intra-chain associations of significance because several reasons.
The associating groups incur different elastic forces depending on the number tethered
chains, affecting cluster stability.3 Further the clusters serve as anchoring points to different
chains, where the degree and affecting their dynamics. The fraction of unique chains in a
cluster decreases with increasing cluster size for both linear and star melts as shown in
Figure 4. For the smallest clusters which are formed for small 𝜀$ , the association is
predominately between chains (interchain) where Nuc/Nc ~ 1. As the cluster size increases,
the average number of unique chains contributing to a specific cluster decreases as
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intrachain associations become more prevalent. In other words, the larger clusters consist
of more association within one chain compared to smaller clusters.
For larger clusters in the linear chain melts, each chain contributes on average 2.5
associating groups to a cluster, which is about half the number of associating groups on
each chain. The number of intrachain association affects the dimensions of individual
chains as is reflected in the mean squared average radius of gyration <Rg2> presented in

Figure 6.5. Mean squared radius of gyration <Rg2> of the polymer chains as a function
of interaction strength es of the associating groups for linear (red circle) and star (blue
square) melts.
Figure 5. The increase in the number of intra chain contributions leads to a decrease in the
chains as 𝜀$ (and the correspondingly the average cluster size) increases. For the linear
chains, this decrease in <Rg2> saturates for 𝜀$ > 5, consistent with the observation shown
in Figure 4a that Nuc/Nc is approximately constant for the larger clusters. For the star
polymers, the fraction of the unique chains in a cluster of the same size is lower than for
linear melts and continues to decrease as the cluster size increases. The larger clusters for
the star polymers contain more intramolecular associating groups than for the linear chains,
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which leads to further decrease in Rg2> as es increases. The importance of intrachain
associations and the reduction in <Rg2> with increasing strength es of the associating beads
is in agreement with previous neutron scattering and MD simulation results of Carrillo et
al.13
The addition of even a small fraction of associating (ionic) groups is known
experimentally to have a strong effect on the dynamics of the system attributed to cluster
formation that act as crosslinks.23, 24

Here the insight attained following Nuc/Nc as a

Figure 6.6. Mean square displacement (MSD) of the monomers in (a) linear and (b) polymer
melts for es = 2 (red circles), 3 (orange squares), 4 (light blue triangles), 5 (blue diamonds)
and 10 (purple rhombi). Full symbols for associating beads and open symbols are for nonassociating beads.
function of the association strength and its effects on the molecular dimensions offer a new
understanding into the effects of cluster formation on dynamics. One way to capture
dynamics is to calculate the mean squared displacement (MSD) < (𝑟! (𝑡) − 𝑟! (0)). > of
the monomers.15 MSD values of the associating and non-associating beads for the linear
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and star melts are shown in Figure 6 for five values of es. MSD of non-associating chains
(es =1) overlap with those for es = 2. As the chains are unentangled, the MSD for the linear,
homopolymer follows Rouse t1/2 dynamics25, 26 at early time crossing over to the diffusive
regime after the chain moves its own size. As es increases the overall mobility of the chains
clearly decreases as the associating beads act as instantaneous crosslinkers and dominate
the mobility of the entire chain.26 This is the case even though only 5 of the 100 beads on
each chain are associating beads. Even for es = 3, there is a measurable reduction in the
mobility of both the associating and non-associating groups, which grows as es increases.
For es ≤ 4, the MSD shows Rouse-like t1/2 dynamics at early times before crossing over to
the diffusive t regime. For es = 5, the motion of the two types of beads are significantly
different even at very early time as the non-associating beads initially move faster than the
associating beads. There is an intermediate region where the non-associating groups move
slower than t1/2 as their motion is constrained by that of the associating groups.

Figure 6.7. Diffusion constant D as a function of associating group strength es for linear
(red circles) and star (blue squares) melts.
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The difference in associating group dominates and sets the time scale for motion of
both types of beads. For es ≤ 5, the chains have moved several times their own size and
reached the terminal diffusive regime where the MSD increases linearly with time. For
these cases, we extract the diffusion coefficient D = < (𝑟! (𝑡) − 𝑟! (0)). >/6t at late times.
Results for D both the linear and star polymers as a function of es are shown in Figure 7.
As es increases from 1 to 5, D decreases by roughly a factor of 180 with the linear chains
always moving slightly faster than the star polymers. For es ≥ 10, the chains have not moved
their own size during the time of the simulation (1 billion time steps), therefore D could
not be measured. As the associating beads for es = 10 and 20 have only moved a short
distance, these two systems are kinetically trapped on the time scale of the simulations.
B. Blends With the understanding attained for pristine melts, we set resolve the
characteristic of blending of polymers with and without associating groups. These systems

Figure 6.8. (a) Snapshots showing the time evolution of linear-linear (top) and star-star
(bottom) blends in which half the chains contain associating groups and half do not for es
= 5. The associating groups are shown in yellow. (b) Static structure factor S(q) of the
chains with associating groups for linear (full) and star (open) blends at different times.
System contains 4000 chains.
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would be defined by two competing interactions, those of the associating groups, coupled
with enhances entropy. We probed 1:1 blends of linear polymer with and without
associating beads and a similar blend of 3 arms stars with and without associating beads.
The evolution of these blends is depicted in Figure 8 for a blend of 2000 chains of 100
beads with 5 associating groups per chain each interacting with strength 𝜀$ = 5 and 2000
chains of 100 beads with no associating groups. The initial state if fully mixed with time
the both systems clearly phase separate macroscopically into regions of chains with
associating and without associating groups.
One signature of macroscopic phase separation is excess intensity of the static
structure function S(q) scattered separately from of each the two components of the blend.
This scattering that appears at low q values is shown in Figure 8-b. As expected for nearly

Figure 6.9. Coherent structure factor S(q) chains with associating groups for different es
at time t = 107t for linear (full) and star (open) blends. Insert shows snapshots for the
three systems at t = 107t.
incompressible systems,27 S(q) for only the polymer chains with no associating groups is
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the almost identical to that of the polymer with associating groups. The intensity at low q
increases with time for both linear-linear and star-star blends, consistent with the visible
observation of phase separation where the intensity of the low q signature of star-star blend
is slightly stronger than the linear-linear blend.
The effect of varying the interaction strength es between the associating groups on
these blends is shown in Figure 9. For weak interaction between associating groups (es =
2), both blends are miscible as is shown by no excess scattering at low q. However even
for relatively small interaction strength between the associating groups (es ≥ 3) the blends
macroscopically phase separation into regions with and without associating groups. For
both es = 3 and 4, the intensity at low q in S(q) increases with time similar to the results
shown in Figure 8 for es = 5. The insert of Figure 9 shows snapshots of the system at 107t
where we see that the blend with es = 2 is macroscopically miscible, with possibly some
local segregation, while for larger interactions (es ≥ 3) chains with and without associating
groups are immiscible even though the fraction of associating groups is small (5%) and
their interaction strength is only a few kBT.
Conclusions
The study has probed the effect of associative groups on melts of pristine polymers and
their blends with linear and star architectures using molecular dynamics simulations.
Polymer were modeled by bead-spring model and associating groups are incorporated
randomly on the chains. As expected from studies of associative polymers, the associating
group aggregate forming polymer networks. We show that even weak interactions between
the associating groups are sufficient to drive association. By varying the strength of the
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interaction between the associating groups, one can control the size of the aggregates and
the mobility of the chains in melts. The overall mobility of the chains rapidly decreases
as the associating beads act as instantaneous crosslinkers and dominate the motion of the
entire chain. For interactions between associating groups of order 10 kBT and larger, the
system is kinetically trapped, forming a long-lived polymer network. The fraction of
unique chains in a cluster decreases with increasing cluster size for both linear and star
melts - this increase in the number of intra chain contributions leads to a decrease in the
mean squared average radius of gyration.13 Star polymer melts contain more intramolecular
associating groups than for linear chains
Blends of chains with and without associating groups macroscopically phase
separate even for a low concentration of weak (~3kBT) associating groups – in the case
studied here the fraction of associating groups on a chain is only 5%. This suggests that
blending polymers with associating groups to the same polymer without associating groups
will be difficult to achieve unless the strength of the associating groups is very weak. An
interesting open question is whether chains with different factions of associating groups
are miscible or not.
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CHAPTER SEVEN
SYNTHESIS AND CHARACTERIZATION OF BIOTIN SUBSTITUTED
POLYPHENYLENE ETHYNYLENE
Abstract
Poly(phenylene ethynylene) derivatives substituted with biotin groups have tremendous
potential applications in organic electronics and as biosensors. Herein, we synthesized the
PPE which has biotin substituted side arms and compared it with PPEs lacking biotin
groups. Our results show that the extinction coefficient for absorption of light in the UV
region of the spectrum is lower for the PPE derivative having biotin groups in the side
chains. The presence of biotin side groups also influences aggregation of PPE, as reflected
in a decrease in critical micelle concentration in THF. Our AFM results illustrate that PPE
with no biotin group forms isolated extended structures on films, whereas PPE with biotin
forms an extended network.
Introduction
Poly(p-phenylene-ethynylene) (PPE) derivatives have remarkable fluorescence
and semiconducting properties1. These distinctive properties allow PPEs to serve in many
different organic based electronics2, 3 and sensory applications4, 5. Unfortunately, the rigid
hydrophobic conjugated backbone make PPEs water insoluble, which prevents the PPEs
from being broadly applicable, especially in biological applications6. Tremendous effort
has been taken to resolve this challenge as exemplified by the synthesis of PPEs with less
rigid backbones, such as poly(o-phenylene ethynylene)s7. One other approach is to change
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the interchain interactions by modifying the side chain functional groups 8. This approach
resolves the aggregation challenge while it may also resolve the challenge of
biocompatibility depending on the nature of the functional group.

Novel synthetic

strategies have the capability of yielding PPEs with different functional groups in the side
chains to include groups which are biocompatible such as biotin9.
It is well know that PPE aggregation in aqueous media can be carefully tuned to
result in organic nanoparticles, that have their own broad application space10. The electrooptical response of these types of nanoparticles depends on conjugation length, which is in
turn affected by the chemistry of both backbone and side groups. Conjugation length
depends on the relative orientation of phenyl rings with respect to each other, thus
controlling the structural and dynamic properties of both extended PPEs as well as of
composite nanoparticles. For example PPEs with dinonyl side groups form complex fluids
in toluene at relatively high concentrations where the structure of the PPEs changes from
a gel phase to molecular solution with increasing temperature11. Small angle neutron
scattering (SANS) has shown at higher temperature that PPE molecules are extended and
MD simulation has shown that this extended structure is the most stable one in solution12.
While PPEs with general functional groups are widely synthesized and intensively
studied, PPEs with bio-compatible groups remains an underexplored area of research. In
the current study, we focus on synthesis of PPEs with biotin-substituted side arms and
study their structural properties in aqueous and non-aqueous solutions. Biotin is a coenzyme which has a strong binding capability with many important enzymes including
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streptavidin and avidin13.

Understanding of structure of biotin substituted PPEs in

solutions may open up a door to use PPEs in biological applications in deferent aspects.
Materials and Methods
All the reagents and solvents were purchased from Aldrich Chemicals Co., TCI America
and Alfa Aesar. The solvents used in synthesis procedure was future purified by passing
through alumina columns under N2 atmosphere employing an MBRAUN solvent
purification system. The solvents were used as received in extractions and purification
techniques. The synthesis routes are summarized in Figure 7.1 to 7.4. monomers 1–7 and
polymer 8 were synthesized by modifying previously reported protocols14. MBRAUN dry
box or standard Schlenk techniques under N2 atmosphere were used for air sensitive
reaction procedures. Proton and carbon-13 NMR spectra were acquired at 25 ºC using
either trimethylsilane or residual solvent peak as a reference on a Bruker Avance 500
spectrometer operating at 500 MHz for protons. The yields are reported either in gram or
percent yield as appropriate.
Synthesis of PPEs
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Figure 7.1. Synthesis of monomer 4: (i) ICl, CH2Cl2, reflux at for 24 hours; (ii) BBr3,
CH2Cl2 at –78 ºC, stir at RT for 24 hours; (iii) 1,8-dibromooctane, K2CO3, acetonitrile,
reflux for 24 h at 50 ºC
Synthesis of 2,5-diido-1,4-dimethoxybenzene (2):
In a 250 mL round bottom flask 100 mL of methanol was cooled below 15 °C in an ice
bath. Iodine monochloride (32 g, 0.2 moles) was added drop wise and stir about 30 min.
Then 1,4methoxybenzene (1) (13g, 0.1mole) was added by maintaining the temperature
bellow 15 °C. The mixture was allowed heated to room temperature and then refluxed 24h.
Then reaction mixture was allowed to cool slowly which results white color crystals. The
crystals were separated by vacuum filtration and washed with cold methanol. Formation of
2,4-diido-1,4-dimethoxybenzene (2) (13g, 60%) was confirmed by 1H-NMR (CDCl3, s7.16, s-3.25).
Synthesis of 2,5-diido-1,4-dihydroxybenzene (3):
2,5-Diiodo-1,4- dimethoxybenzene (2, 11.0 g, 28.3 mmol) was dissolved in
dichloromethane (150 mL) and cooled to -78 °C in dry ice and acetone. Boron tribromide
(30 g), dissolved in dichloromethane (20 mL), was added dropwise. The resulting solution
was allowed to reach room temperature while stirring overnight. The resulting reaction
mixture was poured on ice and the obtained solid filtered. The residue was dried in vacuo.
The crude was not pure to H-NMR. Final purification was done by crystallization from
benzene/chloroform giving 7.70 g (48.9 mmol, 87 %) of the product.
Synthesis of 1,4-Bis(8-bromooctyloxy)-2,5-diiodobenzene (4):
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2,5-diido-1,4-dihydroxybenzene (43.9 g, 0.121 mol) was added to a suspension of K2CO3
(50.2 g, 0.363 mol) in 500 mL of acetonitrile under N2. 1,8-dibromooctane (98.74 g, 0.363
mol) was added dropwise using a syringe while mixture was stirring. The resulting mixture
was reflux at 50 ºC for 24 hrs. After refluxing, 100 mL of hot toluene was added to the
reaction mixture and solid residues were decanted off and the filtered solution and solvent
was evaporated under reduced pressure. The resulted oily crude was dissolved in 3 mL of
dichloromethane. This solution was added dropwise to the 500 mL of methanol in a cold
water bath. The white solid (65.2 % yield) was collected. 1H NMR (CDCl3): δ 7.18 (s, 4H),
4.04 (t, 4H), 4.06 (t, 4H), 1.86-1.79 (m, 8H), 1.5-1.35 (m, 12H).
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Figure 7.2. Synthesis of monomer 7. (iv) 1-bromooctane, K2CO3, acetonitrile, reflux
for 24 hours at 50 °C. (v) Pd(PPh3), CuI, trisilyl acetylene, triethylamine, toluene, stir
at 90 ºC for 24 hours. (vi) Methanol/THF, 5N NaOH, stir at RT for 3 hours.
Synthesis of 1,4-bisoctyloxy-2,5-diiodobenzene (5):
2,5-diido-1,4-dihydroxybenzene (43.9 g, 0.121 mol) was added to a suspension of K2CO3
(50.2 g, 0.363 mol) in 500 mL of acetonitrile under N2. 1-bromooctane (70.12 g, 0.363
mol) was added dropwise using a syringe while mixture was stirring. The resulting mixture
was reflux at 50 ºC for 24 hrs. After refluxing, 100 mL of hot toluene was added to the
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reaction mixture and solid residues were decanted off and the filtered solution and solvent
was evaporated under reduced pressure. The resulted oily crude was dissolved in 3 mL of
dichloromethane. This solution was added dropwise to the 500 mL of methanol in a cold
water bath. The white solid (71.2 % yield) was collected. 1H NMR (CDCl3): δ 6.82 (s, 4H),
3.9 (t, 4H), 4.06 (t, 4H), 1.86-1.70 (m, 4H), 1.5-1.30 (m, 16H), 0.9 (t,6H).
Synthesis of 1,4-bis[(trymethylsilyl)ethynyl]-2,5-bishocayloxybenzene (6).
1,4-bisoctyloxy-2,5-dibromobenzene (20.16 g, 34.4 mmol), trimethylsilylacetylene (13.5
g, 137.6 mmol), Pd(PPh3)4, (4.77 g, 4.13 mmol), CuI (0.786 g, 4.13 mmol),
diisopropylamine (55 mL) and toluene (100 mL) were added into a 250 mL pressure flask
under the inert environment. The mixture was stirred at 90 ºC for 32 hours. Then reaction
mixture was set to cool down to room temperature and added diethyl ether (200 mL). Then,
the mixture was passed through silica gel. The filtrate was washed with saturated NaHCO3
(3x200 mL), H2O (200 mL) and 5-10 mol% HCl (100 mL). Resulted organic layer was
rotor evaporated and collect the crude solid. To remove the phosphonium salts, the solid
compound was re-dissolved in Hexane (100 mL) and passed through silica gel. The
solution was rotor evaporated to get brownish orange solid. This solid was recrystallized
in ethanol to yield Compound 5, as a pale yellow powder. (69.5% yield) 1H NMR (CDCl3):
δ 6.85 (s, 2H), 3.90 (t, 4H), 1.83-1.75 (m, 4H), 1.54-1.33 (m, 16H), 0.89 (t, 6H), 0.25 (s,
18H).
Synthesis of 1,4-bis(ethynyl)-2,5-bisoctayloxybenzene (7).
1,4-bis[(trimethylsilyl)ethynyl]-2,5-bishocayloxybenzene

(3.18

g,

6.05

mmol),

tetrahydrofuran (40 mL), methanol (50 mL) and 20% NaOH (30 mL) were placed in a 500
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mL three neck round bottom flask under N2 and stirred at room temperature for 3 hours.
Then, dimethyl ether (40 mL) was added to the flask. The organic layer was filleted out
and washed with H2O. Organic solvent was rotor evaporated to get the crude. The crude
was purified by precipitation in methanol (30 mL) and filtered to yield off-white powder
(82.5% yield). 1H NMR (CDCl3): 7.457 (2H,s), 3.9 (t, 4H), 2.760 (s, 2H), 1.53-1.33 (m,
16H), 1.81-1.76 (m, 4H), 0.85 (t, 6H).
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Monomer 7 (0.38 g, 1.0 mmol), monomer 5 (0.58 g,1.0 mmol), (Ph2P)2PdCl2 (3.48 mg,
4.47 µmol), CuI (0.85 mg, 4.2 µmol), diisopropylamine (8 mL) and dichloromethane (30
mL) were added into a 50 mL pressure vessel in the glove box. The mixture was heated at
40 ºC for 2 hours. Then the mixture was cooled to room temperature and diethyl ether (150
mL) was added. Following that mixture was washed with H2O (100 mL). The resulted
organic layer was extracted and solvent was evaporated under reduced pressure to get a
brownish slurry. The crude was dissolved in minimum amount of dichloromethane (3 mL).
This solution was added to methanol (100 mL) drop wise to yield polymer 8 as an orange
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solid (0.72 g). 1H NMR (CDCl3): δ 7.04 (aromatic 4H), 4.06 (s, 8H), 1.87-1.29(m, 48H),
0.89 (t, 6H).
Synthesis of Polymer 8b (PPE-50Br).
Monomer 7 (0.38 g, 1.0 mmol), monomer 4 (0.74 g,1.0 mmol), (Ph2P)2PdCl2 (3.48 mg,
4.47 μmol), CuI (0.85 mg, 4.2 μmol), diisopropylamine (8 mL) and dichloromethane (30
mL) were added into a 50 mL pressure vessel in the glove box. The mixture was heated at
40 ºC for 2 hours. Then the mixture was cooled to room temperature and diethyl ether (150
mL) was added. Following that mixture was washed with H2O (100 mL). The resulted
organic layer was extracted and solvent was evaporated under reduced pressure to get a
brownish slurry. The crude was dissolved in minimum amount of dichloromethane (3 mL).
This solution was added to methanol (100 mL) drop wise to
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OC8H16CH2-Biotin

y

Figure 7.4. Synthesis of polymer 9. (viii) Biotin, K2CO3, DMF stir at 60 ºC for 72 hours,
1 M HCl workup
yield polymer 8 as an orange solid (0.92 g). 1H NMR (CDCl3): δ 6.93 (aromatic 4H), 4.03
(s, 8H), 3.39 (m, 4H), 1.86-1.28 (m, 48H), 0.88 (t, 6H).
Synthesis of Polymer 11 (PPE-50Biotin).
Polymer 10 (0.5 g) and biotin (0.24 g, 10 mmol) dissolved in DMF (10 mL) and potassium
carbonate (1.38 g , 10 mmol) was added and mixture was stirred at 60 ºC for 72 hours.
After cooling to room temperature HCl (1M, 10 mL) was added to the mixture and aqueous
solution was extracted by DCM (3×20 mL) and the combined organic extract were dried
over anhydrous Na2SO4 . The mixture was filleted and solvent was removed under reduced
pressure to results polymer 11 1H NMR (D-THF): δ 6.93 (aromatic 4H), 6.08 (m, 2H), 4.02
(s, 8H), 3.37 (m, 4H), 1.92-1.23 (m, 64H), 0.88 (t, 6H).
Characterization of PPE
UV-vis absorption spectroscopy was used to probe the critical micelle concentration of
PPE-50Biotin and PPE-0Biotin in THF. The absorption spectrum of PPE-50Biotin and
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Figure 7.5. Absorption spectrum of a) PPE-0Biotin b) PPE-50Bitoin in THF for
different concentrations
PPE-0Biotin is recorded as function of concentration and given in figure 7.5a and 7.5b.
Absorption spectra show that PPE-0Biotin has higher absorption compared to PPE50Biotin at similar concentrations. This result agrees with the disruption of biotin groups
to the association of PPE which affect the conjugation length. This results were further
characterized by probing the intensity of the spectrum as a function of the concentration
at lmax which is 420 nm and results is illustrated in Figure 7.6.

Figure 7.6. Absorption spectrum of PPE-0Biotin and PPE-50Bitoin in THF at 490 nm
for different concentrations
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Result shows that absorption intensity increases linearly for PPE-0Biotin up to 25 ppm and
then it shows a big jump and increases linear again. We hypothesize that this jump is due
to micellization of PPE in THF at 25 ppm. In contrast, PPE-50Biotin shows a jump at 15
ppm. This illustrate that cmc of PPE-50Biotin is lower than the absence of biotin. This
agrees with the disruption of biotin groups to the aggregation of PPE in solutions.
The aggregation of biotin substituted PPE was further characterized by recoding the atomic
force microscopic (AFM) images. Samples were prepared by using 50 ppm solutions of
PPE-0Biotin and PPE-50Biotin in THF. A drop of PPE solution was put on clean silicon
wafers and the solvent was permitted to evaporate under ambient conditions. Then the films
were kept under the vacuum for 24 hours to make sure all the solvent was evaporated. Then
AFM images were recorded using nanoscope atomic force microscope in tapping mode
and the images for PPE-0Biotin and PPE-50Biotin is given in figure 7.7.

Figure 7.7. AFM height images of PPE-0Biotin and PPE-50Bitoin films casted by 50
ppm of polymer in THF.
AFM images show that PPE-0Biotin forms isolated extended structures. PPE forms
extended confirmations in THF since it is a good solvent. However, the presence of biotin
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groups causes the PPE to forms unstructured clumps. The stature and dynamics of these
PPE will be characterized by SANS and QENS experiments.
Summary
We synthesized PPE derivatives with and without biotin substituted side groups. The
properties of these PPE derivatives were characterized by UV-vis spectrometry and atomic
force microscopy. We found that biotin groups lower the cmc of PPE. We found that PPE
with biotin groups forms an extended network-like structure in polymer films.
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CHAPTER EIGHT
SUMMARY
These studies focused on understanding the behavior of associating polymers including
their assembly in different environments, using neutron scattering techniques coupled with
molecular dynamics (MD) simulations. The main effort centered on the assembly of a
multi-functional ionic polymers of the form ABCBA. The center block is a sulfonated
polystyrene (PSS) (C) that enables transport tethered to, B, a polyethylene propylene (PEP)
block, terminated by C, a t-butyl polystyrene (t-BPS) block. The aggregation of this
polymer is driven by segregation of the ionizable block from the rest of the polymer as well
as the interactions of each block with solvents.
§

Solvent tuning of structured ionic block co polymers: SANS insight

In the third chapter, the effects of solvent polarity on the assemblies formed by an ABCBA
pentablock co-polymer were probed by SANS, as propanol added to cyclohexane. We find
that similar to van der Waals block co-polymers in selective solvents, core-Gaussian shell
aggregates are formed with ionic blocks in the core of the micelles in both cyclohexane
and propanol. In cyclohexane with low propanol fractions, the PSS segregates to the core,
forming a tight ionic network with some interstitial space, as was previously observed.
Cyclohexane is a good solvent for PEP resulting in a highly swollen corona. The t-BPS
block resides in the corona and is only slightly swollen. The highly incompatible nature
of the blocks and the multiple sites available for propanol drives a symmetry transitions
from a spherical to an elongated micelle and then to a transitional region with large swarms
with increasing of propanol fraction. In contrast to van der Waals polymers, at higher
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propanol fractions spherical assemblies are formed but with a smaller number of polymer
molecules and significantly higher portion of solvent in the core. The insight obtained here
offers a glimpse into the formation of micelles of ionizable block co-polymers in the high
segregation regime and demonstrated the complexity of assemblies where the solvents
occupy multiple distinctive sites. Further the results show the significance of the interfacial
region between the blocks.
§

Response of ionizable block copolymer assemblies to solvent polarity: a
molecular dynamics study

In the fourth chapter using MD simulations, we studied the effect of solvent polarity on the
structure of micelles made structured ionic block copolymers. We found that the micelles
formed from this pentablock copolymer response differently depending on the polarity of
the solvent. In cyclohexane, the ionic blocks form a collapsed conformation while nonpolar blocks form a swollen state. In contrast to cyclohexane, in propanol and THF the
ionic blocks are more swollen and non-polar blocks slightly more collapsed. With
increasing sulfonation, ionic blocks condense to form a more stable ionic core.
Cyclohexane associated around the dense ionic core while THF and propanol penetrated
into the core. This study provides for the first time a direct molecular insight into the
distribution of solvents in micelles formed by ionizable co-polymers. This insight provides
the fundamentals that govern the building blocks of these technologically important
polymers.

142

§

Interfacial response of structured ionomer thin films

The fifth chapter offers an insight into response structured ionic block copolymers films to
solvents of different polarities including water, propanol and THF. In their many
applications these polymers form membranes and interfacial effects play an important role.
The interface of the dry membrane is dominated by the aliphatic domains. With exposure
to water, the interfaces rearrange; hydrophobic segments retract, exposing more
hydrophilic groups and the interface becomes smoother. At the interface with propanol
and THF, the hydrophobic segments swell, and fewer ionic groups reside at the interface
compared to water. While propanol and THF penetrate the membrane at a higher rate than
water, their distribution in the different blocks is markedly different. Water penetrates the
film predominantly through the PSS domains, while propanol and THF reside in all blocks.
All three solvents strongly effect the of size and distribution of the ionic clusters. The
composition and topology of the interfaces reflect the response of the individual segments
to the solvents; nevertheless, they are strongly coupled with the solvent effects on the ionic
clusters.
§

Effects of interaction strength of associating groups on linear and star
polymers dynamics

In sixth chapter, we provide a general insight into effects of associative groups on melts of
pristine polymers and their blends with linear and star architectures using MD simulations.
Polymer were modeled by bead-spring model and associating groups are incorporated
randomly on the chains. As expected from studies of associative polymers, the associating
group aggregate forming polymer networks. We show that even weak interactions between
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the associating groups are sufficient to drive association. By varying the strength of the
interaction between the associating groups, one can control the size of the aggregates and
the mobility of the chains in melts. The overall mobility of the chains rapidly decreases as
the associating beads act as instantaneous crosslinkers and dominate the motion of the
entire chain. For interactions between associating groups of order 10 kBT and larger, the
system is kinetically trapped, forming a long-lived polymer network. The fraction of
unique chains in a cluster decreases with increasing cluster size for both linear and star
melts - this increase in the number of intra chain contributions leads to a decrease in the
mean squared average radius of gyration. Star polymer melts contain more intramolecular
associating groups than for linear chains
Blends of chains with and without associating groups macroscopically phase
separate even for a low concentration of weak (~3kBT) associating groups – in the case
studied here the fraction of associating groups on a chain is only 5%. This suggests that
blending polymers with associating groups to the same polymer without associating groups
will be difficult to achieve unless the strength of the associating groups is very weak. An
interesting open question is whether chains with different factions of associating groups
are miscible or not.

§

Synthesis and characterization of biotin substituted polyphenylene
ethynylene

In the seventh chapter, we synthesized PPE derivatives with and without biotin substituted
side groups. The properties of these PPE derivatives were characterized by UV-vis
spectrometry and atomic force microscopy. We found that biotin groups lower the critical
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micelle concentration of PPE and that PPEs with biotin groups forms an extended networklike structure in polymer films. These polymers will be probed in solutions and in their
nanoparticulate phases.
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